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THE  BIOLOGICAL  EFFECTS  OF  VIBRATION 


SUMMARY 

'^This  report  discusses  the  effects  of  vibrstion  on  man.  It  summwizes  briefly:  (a)  the  measurement  of 
vibration,  (b)  the  production  of  controlled  vibratory  stimulation  for  research  purposes,  (c)  the  injurious  ef¬ 
fects  of  vibration,  (d)  discomfort  due  to  vibration,  (e)  effects  of  vibration  on  task  performance,  and  (f)  bene¬ 
ficial  uses  of  vibration.  . 

On  the  basis  of  present  knowledge,  it  may  be  stated  that: 

1.  The  accurate  measurement  of  vibration  is  feasible  in  most  situations. 

2.  The  controlled  production  of  vibratory  stimulation  is  practicable  over  a  fairly  wide  range  of  condi¬ 
tions. 

3.  Most  biological  effects  of  Interest  (excluding  motion  sickness  and  acoustic  phenomena)  occur  in  the 
frequency  range,  2  to  20  cycles  per  second  (cps),  and  at  peak  acceierations  above  0.001  g. 

4.  The  biological  effects  of  vibration  depend  not  only  on  frequency  and  amplitude  of  vibration,  but  also 
on  the  duration  and  mode  of  exposure. 

5.  It  is  not  now  possible  to  establish  definite  safety  or  comfort  limits,  or  to  specify  effects  on  task 
performance.  Ranges  of  importance  can,  however,  be  indicated. 

a,  Peak  accelerations  above  about  !  g  may  be  dangerous  itnoer  certain  co’  ditions. 

L.  Peak  accelerations  above  about  0.03  g  may  be  disturbing  in  one  way  or  another. 

6.  More  extensive  research  need.s  to  be  done  to  permit  more  useful  generalizations.  The  following 
areas  of  research  are  of  poi'ticular  importance: 

a.  Examination  of  effects  of  non-sinusoidal  vibration. 

b.  Measurement  of  effects  of  vibration  upon  tnsk  performance. 

c.  Accumulation  of  information  on  vibrations  actually  occurring  in  vehicles. 

d.  Correlation  of  studies  on  vibration  with  work  on  shock,  impact,  and  other  kinds  of  mechanical 

force. 

7.  There  is  an  important  need  for  establishing  a  means  by  which  information  can  be  more  readily  ex¬ 
changed  between  engineers  and  operating  personnel  on  the  one  hand,  and  tlio.se  concerned  with  health  and 
safety  on  the  other. 

8.  Research  on  the  biological  effects  of  vibration  is  expensive  because  of  (a)  the  costs  of  eejuipment  to 
produce  and  measure  vibration,  and  (b)  the  time  required  to  conduct  many  experiments.  Personnel  with 
appropriate  scientific  training  are  difficult  to  obtain. 


RECOMMENDAHONS 


1.  Continuing  nupport  at  a  relatively  high  priority  should  be  given  to  those  laboratories— military  >  indus¬ 
trial,  and  university—  which  have  the  facilities  and  trained  personnel  for  research  on  the  biological  effects 
of  vibration. 

2.  The  collaborative  efforts  of  engineers,  biophysicists,  psychologists,  and  physicians  are  needed  to 
establish  more  accurately  the  tolerance  limits  for  injury  due  to  vibration.  Particular  attention  should  be 
given  to  the  effects  of  random  vibration  (mechaniibal  noise).  ' 

3.  Encouragement  should  be  given  to  studies  of  the  effects  of  vibration  on  different  kinds  of  task  per¬ 
formance  as  well  as  on  discomfort  and  fatigue.  Tbia  is  an  exceedingly  difficult  problem  since  results  may 
vary  greatly  with  the  individual,  the  kind  of  task  performed,  the  environment  in  which  measurements  are 
made,  and  numerous  other  factors.  Nevertheless,  attempts  should  be  made  to  obtain  data  vdiich  will  permit 
rough  generalizations. 

4.  More  extensive  measurements  should  be  obtained  on  the  vibratory  motions  which  occur  in  vehicles 
or  in  the  use  of  equipment,  especially  where  large  forces  and  energies  are  involved. 

5.  The  possible  beneficial  effects  of  vibration  need  to  be  more  carefully  examiued. 

6.  Research  on  the  use  of  vibratory  stimuli  for  communication  should  be  continued. 

7.  An  agency  of  some  kind  should  be  established  to  serve  as  a  clearing  house  for  the  exchange  of  in¬ 
formation  on  vibration,  shock,  etc.,  as  it  affects  man  and  as  it  concerns  the  design,  construction,  and  use 
of  vehicles  and  machines. 


REPORT 


Working  group  39  wm  eatabliuhed  by  CHABA  in  November  1959  in  reeponae  to  requeata  for  an  evaluation 
of  the  preaent  atate  of  knowledge  of  the  effects  of  vibration  on  man.  It  has  been  evident  for  several  years 
that  the  mechanical  forces  applied  to  people  in  or  near  vehicles  and  certain  other  machines  were  becoming 
more  end  more  a  matter  of  concern.  Outright  injury  from  exposure  to  vibratory  forces  has  been  rare  except 
for  localized  injuries  resulting  from  the  handling  of  vibrating  tools  over  a  long  period  of  time.  Difficulties 
due  to  mechanical  interference  with  task  performance  have  sometimes  arisen  in  connection  with  die  opera¬ 
tion  of  vehicles.  Discomfort  and  fatigue  from  long  exposure  to  vibration  seem  to  be  relatively  common  and, 
while  these  are  not  by  themselves  dangerous,  they  can  contribute  to  the  lowering  of  the  effectiveness  of 
vehicle  operators  and  thus  take  their  place  among  the  causes  of  accidents.  The  accelerating  pace  of  de¬ 
sign  and  construction  of  high  performance  machines  makes  it  increasingly  important  that  design  criteria  be 
made  available  which  will  ireduce  the  necessity  for  expensive  modifications.  This  report  undertakes  to 
outline  very  briefly  what  is  now  known  about  the  effects  of  vibration  on  man  and  what  can  and  should  be 
done  to  extend  useful  knowledge  of  the  subject.  A  detailed  discussion  of  several  aspects  of  the  problem 
will  be  found  in  the  Appendix. 

Vibration  first  became  an  industrial  hygiene  problem  in  tbe  19tb  century  when  pneumatic  drills  were 
introduced.  With  the  development  of  industry  and  of  transportation,  the  problem  has  grown  steadily.  A 
number  of  years  ago,  several  studies  were  made  to  establish  limits  above  which  discomfort  might  be  pro¬ 
duced.  The  difficulty  of  carrying  out  observations  of  this  kind  and  the  lack  of  sophistication  in  many  of 
the  experiments  make  the  data  rather  crude.  Nevertheless,  little  has  been  added,  and  tbe  best  estimates 
now  obtainable  on  thresholds  for  perception  and  for  discomfort  rest  largely  on  this  early  work. 

Concern  with  the  problems  of  “tolerance”  limits  and  injury  has  introduced  another  problem.  The  inten¬ 
sity  of  vibration  required  to  produce  discomfort  is  not  great,  but  if  one  wishes  to  study  injury,  relatively 
heavy  and  carefully  designed  machinery  is  required.  Such  apparatus  is  expensive  and  requires  a  substan¬ 
tial  and  well-trained  maintenance  staff.  There  have  been  few  places  where  this  kind  of  work  can  be  done 
properly. 

Definitive  studies  on  the  effects  of  vibration  require  the  services  of  people  trained  in  several  disci¬ 
plines:  engineering,  biopliyaics,  psychology,  and  medicine.  Much  of  the  work  on  high  intensity  vibration 
must  be  done  with  nniiiial.s,  thus  producing  difficulties  in  the  interpretation  of  the  results.  Up  to  the 
present  time,  nearly  all  studies  have  been  made  using  sinusoidal  vibration.  Current  interest,  however, 
centers  aljout  random  “mechanical  noise”  occurring  in  relatively  high-speed  travel  in  an  irregular  environ¬ 
ment.  Include:!  in  thi.s  area  of  interest  are  aircraft  in  high  speed,  low  altitude  flight,  small  vessels  in 
rough  water,  heavy  vchicle.s  on  rough  terrain,  and  projected  conditions  in  space  vehicles. 

A  definition  of  mechunical  vibration  is  in  order  here.  For  the  present  purposes  it  is  to  be  understood 
as  referring  to  alternating  motion  in  a  frequency  range  such  that  the  system  under  observation  behaves 
more  as  if  it  were  composed  of  discrete  element.s  than  as  a  system  in  which  wave  motion  predominates. 

For  a  human  body  this  is  true  for  frequencies  below  about  20  cps.  On  the  other  hand,  this  report  is  not 
concerned  with  motion  sickness  and,  therefore,  frequencies  below  about  2  cps  are  excluded  from  con¬ 
sideration. 

In  order  to  assess  tlie  possibilities  of  understanding  the  phenomena  it  is  convenient  to  raise  and  dis¬ 
cuss  a  few  specific  questions: 

1,  What  is  the  present  situation  with  respect  to  the  measurement  of  vibratory  forces  to  which  vehicle 
occupants  may  be  exposed? 

Engineering  techniques  in  this  field  are  rather  well  developed  and  the  difficulties  encountered  in 
obtaining  useful  data  arise  primarily  from  considerations  of  cost,  time,  and  interest.  Measurement  of  the 
vibration  of  certain  parts  of  the  body  may,  however,  be  quite  difficult. 
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2.  What  are  the  basic  factors  detennining  and  mediating  the  deleterions  effects  of  vibration  on  man? 

The  body  is  a  complicated  mechanical  atmcture,  and  it  is  necessary  to  know  something  about  its 
dynamic  mechanical  properties  in  order  to  understand  the  way  in  which  mechanical  responses  occur.  There 
are  now  available  a  number  of  measurements  of  mechanical  impedance,  resonance,  and  damping  character¬ 
istics  of  the  body  for  several  modes  of  excitation.  The  freiquency  range  in  which  most  significant  mechan¬ 
ical  responses  occur  is  approximately  from  2  to  20  cps.  Since  the  human  body  acts  as  a  pure  mass,  below 
about  2  cps,  the  problem  is  primarily  one  of  vestibular  reactions.  At  frequencies  above  20  cps,  the  prob¬ 
lems  become  more  aad  more  the  province  of  acoustics.  Mechanical  injury  is  relived  to  relative  displace¬ 
ments  of  body  organs,  and  the  limited  material  which  has  been  obtained  on  severe  disturbances  and  injuries 
has  been  interpreted  in  terms  of  the  mechanical  properties  of  the  body.  Biological  responses,  i.e.,  those  in 
which  the  body  takes  an  active  part,  are  less  well  worked  out.  Stimulation  of  sensory  systems  produces 
reflex  and  higher  nervous  responses  which  may  affect  task  performance  significantly  and  contribute  to  dis¬ 
comfort  and  fatigue.  There  may  also  be  generalized  “stress  responses.* 

3.  To  what  extent  is  it  now  possible  to  establish  criteria  for  comfort  and  safety? 

Studies  made  up  to  the  present  time  indicate  that  one  can  point  to  ranges  of  frequency  and  accelera¬ 
tion  in  which  certain  types  of  responses  may  be  expected  to  appear.  In  rough  terms,  and  disregarding  res¬ 
onance  effects,  one  can  say  that  in  the  range  from  2  to  20  cps  vibration  becomes  detectable  by  the  human 
body  at  accelerations  somewhat  above  0.00 1  g  and  may  become  dangerous  at  accelerations  above  about 
1  g.  Certain  intermediate  response  levels  can  also  be  indicated  approximately.  Very  little  is  known  about 
specific  behavioral  responses  in  particular  task  situations  and  no  general  statements  can  now  be  made  on 
this  subject. 

4.  What  further  work  needs  to  be  done  to  provide  a  better  understanding  of  the  effects  of  vibration  on 
man? 


F'rom  what  has  already  been  said,  it  is  clear  that  while  the  effects  of  sinusoidal  vibration  have  been 
studied  to  some  extent,  the  problem  of  “mechanical  noise"  needs  special  attention.  This  is  not  only  be¬ 
cause  of  immediate  practical  problems  but  because  the  nonlinearity  of  biological  systems  makes  extrapola¬ 
tion  from  sinusoidal  forces  to  random  forces  unreliable. 

Problems  of  task  performance  are  of  particular  importance.  It  is  difficult,  perhaps  impossible,  to 
apply  results  obtainecl  for  one  specific  task  to  another  specific  task.  However,  the  need  for  extensive 
data  is  increasing,  and  emphasis  must  be  placed  on  the  care  with  which  such  studies  are  planned  and 
carried  out.  The  fact  that  these  studies  are  expensive  and  time-consuming  makes  a  casual  approach 
wasteful. 

Accumulation  of  information  on  vibratory  motion  actually  occurring  in  vehicles  is  also  needed.  At 
the  present  time,  little  seems  to  be  available  and  more  should  he  obtained.  Again,  the  cost  and  time  ele¬ 
ments  are  important.  Continuing  effort  should  be  placed  on  enlarging  the  scope  of  experimental  material 
already  at  hand  in  order  to  improve  its  generality  and  accuracy.  It  is  too  much  to  expect  that  precise  nu¬ 
merical  values  can  be  set  as  limits  for  comfort  or  safety,  but  as  more  extensive  data  are  collected,  de¬ 
tailed  knowledge  of  the  variability  of  human  subjects  and  of  exposure  conditions  should  permit  better 
assessment  of  relative  risks  and,  consequently,  of  relevant  protective  measures. 

Attention  should  also  be  called  to  the  close  relationship  of  vibration  to  shock,  impact,  and  other 
types  of  mechanical  force  in  that  the  mechanical  properties  of  human  beings  underlie  responses  to  all 
kinds  of  mechanical  force.  Much  of  what  is  learned  from  studies  on  one  type  of  force  is  of  value  in 
interpreting  material  arising  out  of  studies  on  another. 
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BENEFICIAL  USES  OF  VIBRATION 


A  problem  eibicli  bu  not  yet  been  rafeired  to  te  that  of  the  poaaible  valne  of  vibration  aa  a  uaefni  atim- 
ulna.  Hiia  includea  the  nae  of  vibration  to  help  counteract  aenaory  iaolation,  to  help  maintain  anperficial  . 
circulation  mid  nraacle  tone,  and  no  a  route  for  communication.  Very  little  ia  known  about  tbeae  poeaibili- 
tiea,  oltboui^  die  loot  mentioned  baa  been  the  aubject  of  aome  reaearch  activity  and  baa  been  diecusaed  at 
an  earlier  CHABA  meeting.  Tbeae  mattera  need  to  be  looked  into  in  oome  detail  becouae  of  their  potential 
importance. 

UAISON 

Since  ao  many  problema  relating  to  the  effecta  of  both  abock  and  vibration  in  man  ariae  from  engineer¬ 
ing  and  operational  developments,  it  is  important  that  close  liaison  be  maintained  between  those  concerned 
with  the  design,  construction,  and  use  of  machinery  and  vehicles  on  the  one  hand,  and  those  concerned  with 
health  and  safety  on  the  other.  No  effective  liaison  mechanism  now  exists.  It  ia  therefore  strongly  rec¬ 
ommended  that  CHABA  take  the  initiative  in  establishing  such  a  mechanism  either  as  part  of  its  own  opera¬ 
tions  or  elsewhere.  There  ia  a  real  need  for  some  kind  of  informal  group  to  act  as  a  clearing  house  for  in¬ 
formation  obtained  and  needed  by  the  Armed  Forces,  industry,  and  other  organizations.  The  fact  that  most 
work  in  this  field  requires  expensive  apparatus  and  a  special  staff  points  definitely  to  the  value  of  mutual 
consultation.  Furthermore,  those  agencies  concerned  with  the  setting  of  criteria  must  be  made  aware  of 
what  is  available  and  what  ia  being  done.  In  a  field  which  is  growing  and  shifting  as  this  one  is,  such 
coordination  is  specially  important. 


APPENDIX 


Please  note  that  the  numbering  of  pages  in  the  Appendix  differs  from  that  of  the  report  since  the  App 
dix  is  actually  a  discrete  report  which  hus  been  released  for  use  by  CKABA  through  the  courtesy  of  the 
Naval  Medical  Research  Institute,  and  as  such  has  its  own  system  of  pagination. 
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INTRODUCTION 


This  review  deals  with  three  problems;  1)  the  determination  of  the  structure  and  properties  of  the  human 
body  considered  as  a  mechanical  as  well  as  a  biological  system,  2)  the  effects  of  shock  and  vibration  forces 
on  this  system,  and  3)  the  protection  required  by  the  system  under  various  exposure  conditions  and  the 
means  by  which  this  protection  is  to  be  achieved.  Man,  as  a  mechanical  system,  is  extremely  complex  and 
his  mechanical  properties  are  quite  labile.  He  is  also  a  human  being  and  in  this  capacity  refuses  to  permit 
destructive  testing  but  will  nevertheless  expose  himself  carelessly  to  mechanical  damage  which  may  arise 
from  situations  of  his  own  making  and  will^hen  demand  a  degree  of  protection  against  th|s  damage  which 
shall  be  almost  impossibly  effective,  unhampering,  and  cheap.  Because  of  such  conflicting  attitudes  there 
is  very  little  reliable  information  on  the  magnitude  of  the  forces  required  to  produce  mechanical  damage  to 
people.  It  is  therefore  necessary  to  use  experimental  animals  for  most  studies  on  mechanical  injury.  How¬ 
ever,  the  data  so  obtained  must  be  subjected  to  careful  scrutiny  to  determine  the  degree  of  their  applicabil¬ 
ity  to  humans,  who  differ  from  animals  not  only  in  size  but  in  anatomical  and  physiological  structure  as  well. 
It  is  only  occasionally  possible  to  obtain  useful  information  from  situations  involving  accidental  injuries  to 
man,  since  while  the  damage  can  often  be  a.sses.sed,  tbe  forces  proilucing  the  damage  cannot.  It  is  also 
very  difficult  to  obtain  reliable  data  on  the  effects  of  mechanical  forces  on  the  performance  of  various  tasks 
and  on  subjective  responses  to  these  forces  largely  because  of  the  wide  variation  in  the  human  being  in  both 
physical  and  behavioral  respects.  Mensurernent  of  some  of  the  mechanical  properties  of  man  is,  however, 
often  practicable  since  only  .small  forces  arc  needed  for  such  work.  Tbe  difficulty  here  is  in  the  variability 
and  lability  of  the  system  ami  in  the  inaccessibility  of  certain  structures. 

Dhll-'INri  lONS  .V.N'l)  CIIAIIAC  I'MHIZATinN  OF  FOItCF.S 

C hariirterizcUion  of  Forcfs.  ■  In  relatiun  to  effects  on  human  beings  it  is  convenient  to  classify  mechan¬ 
ical  forces  as  steady,  impul.sive  or  alternating  and  to  distinguisli  accelerative  forces  and  ambient  pressures 
which  net  on  the  entire  body  from  loc.ilizcd  forces.  The  effects  of  steady  forces  arc  not  discussed  here  nor 
is  it  possible  to  consider  in  detail  the  trcmendoiis  number  of  ways  in  which  the  various  kinds  of  mechanical 
force  can  be  applied  to  the  huiimii  body.  These  forees  may  lie  Iriinsmiltcd  to  the  body  through  gas,  liquid, 
nr  solid.  They  may  be  diffused  or  eoniontraled  over  .i  small  .irea.  Tliey  may  vary  from  tangential  to  normal 
in  more  than  one  direction.  The  shape  of  a  solid  bodv  impinging  on  tlie  surface  of  the  liunmn  is  us  import¬ 
ant  as  the  position  or  .shape  of  the  hniii.in  bodv  itself.  All  of  these  fuelor.s  irinst  be  taken  into  account  in 
comparing  injuries  produced  hv  vehicle  crashes,  explosions,  blows,  vibration,  etc.  i  .abontlory  studies  often 
permit  Iiirly  accurate  eoiUrol  of  force  upplie.ition  but  field  silnalions  arc  apt  to  be  extremely  complex  and 
thus  iim.se  it  very  diffiiiilt  to  transfer  iniormalioii  between  the  laboratory  and  the  field. 

•SI.  ock.  -  The  term  “shock”  bn.sieally  rcfer.s  to  an  event  which  i.s  sufficiently  rapid  and  of  great  enough 
inagniludc  to  be  significant.  However,  the  i.otioii  li.is  nianv  exleiisioiis  and  the  usttge  has  developed  dif¬ 
ferently  in  engineering  than  in  liiology  and  inedieine;  therefore  one  iiitjsl  be  careful  not  tn  confuse  the  vari¬ 
ous  meanings  given  to  the  term.  I lemiirrliagic  shock,  for  example,  may  result  Irani  mecliiinieul  shock  but 
the  two  arc  not  tJie  same.  Ilie  term  “shock”  is  used  in  this  review  in  its  engineering  sense.  A  shock 
leave  is  a  discontinuous  [iressiirc  change  propagated  through  a  medium  at  a  velocilv  greater  than  that  of  sound 
in  the  medium.  A  bla.st  svave  may  or  may  not  have  a  di.seonliiiiiity .  In  any  cu.se,  rnte.s  of  change  of  applied 
forces  are  considered  fast  or  slow  primarily  with  reference  to  tlio.se  lime  constants  of  an  affected  system 
which  are  of  interest.  As  a  rule,  forces  reaching  peak  values  in  less  than  a  few  tenths  of  a  second  and  of 
not  more  than  a  few  second.s  duration  are  sliock  forces  in  relation  to  the  human  system. 

The  terms  impact  and  hlotc  refer  to  forces  applied  wlicn  the  human  body  comes  into  .sudden  contact  vritli 
a  solid  body  and  when  the  iiiomcntum  transfer  is  consiclerahlc  as  in  rapid  deceleration  in  a  vehicle  crash 
or  when  a  rapidly  moving  solid  body  strikes  a  liuinnn  body. 

Vibration.  -  Biological  syslenis  may  be  influenced  by  vibration  of  sufficient  amplitudes  at  all  frequencies, 
rliis  review  is  concerned  primarily  with  the  frequency  range  from  about  1  c.p.s.  to  several  iiuiulred  c.p.s. 
although  studies  at  higher  frei|uencie,s  arc  very  useful  for  the  analysis  of  tissue  characteristics. 


Mechanical  noise  and  random  shocks  form  a  group  intermediate  between  shock  and  vibration.  They  may 
often  be  treated  either  as  a  vibration  spectrum  or  as  repeated  individual  shocks.  The  relationship  between 
the  repetition  rates  and  the  resonance  characteristics  of  the  system  acted  upon  is  important  in  determining 
the  approach. 


METHODS  AND  INSTRUMENTATIO.N 

Most  quantitative  investigations  of  the  effects  of  shock  and  vibration  on  humans  have  been  conducted 
in  the  laboratory  in  controlled,  simulated  environments.  Meaningful  results  of  such  tests  can  be  obtained 
only  if  measurement  methods  and  instrumentation  are  adapted  to  the  particular  properties  of  the  biological 
system  under  investigation  so  that  noninterference  of  the  measurement  as  such  with  the  system’s  behavior 
is  assured.  This  behavior  may  be  physical,  physiological,  and  psychological  although  these  parameters 
should  be  studied  separately  if  possible.  The  complexity  of  a  living  organism  makes  such  separation,  even 
assuming  independent  parameters,  only  an  approximation  at  best.  In  many  cases  if  extreme  care  is  not  ex¬ 
ercised  in  planning  and  conducting  the  experiment,  uncontrolled  interaction  between  these  parameters  can 
lead  to  completely  erroneous  results.  For  example,  the  dynamic  elasticity  of  tissue  of  a  certain  area  of 
the  body  may  depend  on  the  simultant^ous  vibration  excitation  of  other  parts  of  the  body,  or  it  may  change 
with  the  Juration  of  the  measurement  since  the  .subject’s  physiological  response  varies,  or  it  may  he  influ¬ 
enced  by  the  .subject’s  psy clioiogical  reaction  to  the  test  or  the  iiiea.siiring  cejuipment  (startle,  fright, 
etc.),  'i’he  design  of  an  experiment  must  consider  all  tlie.se  factors  and  select  carefully  the  most  promis¬ 
ing  approach. 

Oontrol  of,  nnd  compensation  for,  the  nonuniformity  of  living  .systems  is  absolutely  essential.  People 
vary  in  size,  shape,  sensitivity,  and  responsiveness,  and  these  factors  for  a  single  subject  vary  with  time, 
experience  and  motivation.  The  use  of  adequate  statistical  experimental  design  is  necessary  and  almost 
always  re<{uires  a  large  number  of  observations  and  carefully  arranged  controls. 

PIIY.SICAI,  \1KA.S(!KK.\IK.N"r.S 

The  mechanical  force  cnviroiiiiicnt  to  which  the  human  bmly  i.s  exposed  during  physical  measurements 
must  be  clearly  defined.  l'’orcc  and  vibration  amplitude  .slioiild  be  specified  for  the  area  of  contact  with 
[he  body.  Vibration  moii.siircmciits  of  the  body’s  respon.sc  slioald  be  made  whenever  possible— which  is 
unl’ortunatelv  not  often— liv  iiiin-conlacl  iiiclliods.  .\-ray  inolliod.s  have  been  oseil  successfully  to  measure 
the  ilisplaccnieat  of  inleriial  orgaii.s.  Oplic.il,  ciiicmalngrapliic,  and  stroboscopic  ob.serviilioii  cuu  give  the 
(iisplacetiienl  aiiiplitudc.s  of  l.irgcr  parts  of  llir  liodv.  Small  vibralious  can  soirietiiiies  be  niea.siired  without 
contact  by  capacitive  |iriil)c.s  located  at  .small  (list, nice  froiii  the  (giouiulcd)  body  surface.  I'lie  probe  forms 
a  condenser  witli  die  Inidv;  capacity  cliangcs  doc  to  vibriilions  car!  be  measured  in  a  liighi-frcriuency  carrier 
system.  If  vibration  pickup.s  in  eontacL  with  the  Imdy  are  u.scJ,  they  must  be  small  and  light  enough  so  as 
not  to  introduce  a  distorting  meclian ical  load.  I'liis  usually  |ilaccs  o  weiglit  liniilalio:;  on  the  pickup  of  a 
few  grams  or  less,  depending  on  tlic  fretjoem  y  range  of  iiitcre.st  and  tlnr  effective  mass  to  which  the  pickup 
is  attached,  h'igurc  1  illu.strales  the  effect  of  weight  and  .size  on  the  response  of  accelerometers  attached 
to  the  skin  overlying  soft  tissue  (1).  The  luck  of  rigidity  of  the  human  body  us  a  supporting  structure  makes 
nien.surenients  of  accolerntioii  usually  preferable  to  those,  of  velocity  or  rlisplacement.  The  mechanical  iiii- 
jiedance  of  n  sitting,  standing,  or  supine  subject  is  extremely  valuable  for  calculating  the  vibratory  energy 
trarfsmitted  to  die  body  by  the  vibrating  .structure  (2),  The  ratio  nnd  phase  angle  of  driving  force  to  result¬ 
ing  velocity  can  be  measured  for  this  purpose  in  luany  differcol  ways,  flare  must  be  taken  to  ensure  that 
the  meusurement  of  the  total  force  transiiiitted  to  the  body  is  not  influenced  by  load  distribution.  The  im¬ 
pedance  of  small  areas  of  the  body  surface  has  been  measured  with  vibrating  pistons  (3),  resonating  rod.s, 
or  ucooslical  impedance  tubes  (4). 

If  the  whole  body  is  exposed  to  a  pre.ssure  oi  blast  wave  in  air  or  water,  exact  definition  of  the  pressure 
environment  is  essential.  (lalcnlntion  of  the  pressure  distribution  over  the  body  (amplitude  and  phase)  and 
the  pressure  increase  at  the  body  produced  by  an  iindistorted  frec-field  pressure  is  difficult;  for  blast  waves 
it  is  nImoS'l  impossible.  Therefore  die  pressure  distortion  should  be  nieusiired  if  possible  (5).  Orientation 
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Figure  1.  >  Amplitude  distortion 
due  to  size  and  weight  of  acceler¬ 
ometer  attached  to  body  surface 
over  soft  tissue  of  human  subject 
exposed  to  vibration.  The  graph 
-  - 

gives  the  ratio,  —  “  ,  of  the  re¬ 


sponse  of  a  loaded  accelerometer 

of-mass  m  and  radius  r-of  contact - 

surface  area  for  several  values  of 
m  and  r .  [Val  ues  calculated  from 
mechanical  surface  impedance  data 
of  Kranlce  and  von  Gierke  (1).] 


of  the  subject  with  respect  to  the  wave  front  must  be  known.  Dynamic  pre.ssure  or  “windage”  must  be  con¬ 
sidered.  If  the  environment  deviatc.s  from  free-ficld  conditions  it  should  be  carefully  specified  because  of 
its  effect  on  peak  pres.sure  and  pressure  lime  history  (fi). 
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Physiological  instrumentation  for  such  characteristics  a.s  blood  pressure,  rcsfiiration  rate  or  depth,  heart  po¬ 
tential,  brain  potential,  or  galvanic  skin  response— which  has  been  usml  as  a  quantitative  indicator  for  the 
over-all  vibration  load  (7)— must  be  carefully  checked  for  freedom  from  artifacts  when  the  subject,  the  in¬ 
strument,  or  both  arc  exposed  to  vibration,  inlenso  sound,  or  acceleration.  Conventional  commercial  in¬ 
struments  and  clinical  methods  of  using  them  are  ficqucntly  unsatisfactory  for  such  tests.  A  bio-electronic 
harness  (8)  such  as  is  used  in  aviation  incilicine  is  very  u.scful  for  measurement  of  various  physiological 
functions  and  Icnd.s  itself  to  simple  arrangements  in  field  tests.  I)ul  proper  functioning  of  instruments  must 
be  verified  for  each  environment. 

If  psychological  experiments  during  exposure  to  the  mechanical  .stimuli  are  planned,  adherence  to  estah- 
li.shcil  rules  for  such  suhiectivi-  tests  is  an  ahsolute  necessity  for  valid  results.  I'lie  niiiiiilaining  of  a  neutral 
situation  with  unif</i'ni  motivation,  sahjecl  instruction,  ainl  .nlrqiiale  statistical  design  of  the  experiment  are 
otnoiig  th(^  most  iaqiortant  coiisiileralions.  (hire  must  lie  taken  that  the  subject  be  not  biased  or  influenced 
by  enviroiiiiicntal  factors  not  purposely  inclnded  in  tin?  lest  (i‘.g,.  the  noise  of  a  vibration  table  can  act  as 
a  disturbing  factor  in  a  study  of  vibration  effects).  .Subjective  observ.itions  of  physiciil  phenomena  (made 
as  subject  or  as  “observer”)  can  be  ilislorled  by  iiianv  factors  and  .should  not  be  allowed  to  eompctc  with 
physical  mca.suremcnls. 

SIMULATION  Ol'-  .MKCIIANICAI ,  KN VIHON.MKVl- 


The  desire  to  study  the  physical,  physiological,  and  psychological  response.s  of  biological  specimens 
in  the  laboratory,  under  well-contridicil  conditions,  has  led  to  the  use  of  standard  and  specialized  shock 
and  vibration  testing  machines.  A  sunaiiary  of  some  iiincliines  employed  in  such  tests  is  given  in  figure 
2.  As  in  the  case  of  the  environmental  testing  of  physical  components  and  systems,  an  accurate  simula¬ 
tion  of  man’s  actual  mechanical  environment  is  frequently  not  feasible  for  technical  or  economic  reasons 
or  may  even  be  undesirable  because  of  a  need  for  more  sy.stematic  investigation  under  somewhat  simplified 
Conditions,  d’hus  most  investigations  are  limited  to  tlic  study  of  one  degree  of  freedom  at  a  time  and  many 
fundamental  studies  arc  performed  v/illi  sinusoidal  forces.  Adequate  safety  precautions,  safe  and  accurate 
control  of  the  exposure,  and  sufficient  load  capacity  for  subject,  seat,  and  instrumentation  are  obvious  re-- 
quiremeiits  for  all  shock  and  vibration  machines  used.  Mechanical  and  electro-dynamic  shake  tables  are 
employed  for  this  pu.''pose.  .Since  the  taw  of  linear  superposition  is  only  valid  in  the  linear  phsyicnl  domain, 
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Figure  2.  -  Summary  of  characteris¬ 
tics  oT  shock  and  vibration  machines 
used  for  human  and  animal  experiments. 
Force  time  functions  are  indicated  sche¬ 
matically.  Frequency  range  and  maxi¬ 
mum  load  refer  to  values  used,  not  to _ 

capabilities  ^f  machines.  References 
are  to  papers  describing  use  of  the  ma¬ 
chines  for  biological  purposes. 


sinusoidal  fortes  alone  are  not  adequate  for  the  study  of  non-linear  physical  responses  or  physiological 
and  psychological  reaction.«  to  complex  force  functions.  .Some  of  the  machines  listed  are  specially  de¬ 
signed  for  exposure  of  humans.  The  vertical  accelerator,  for  example,  employs  a  friction  drive  njechanism 
to  permit  the  .sitiiulation  of  large  amplitude  sinusoiditl  anil  random  vibrations  such  us  those  encountered  in 
buffeting  during  l(o\  altitude  high  speeil  flight  tir  anticipated  during  the  launch  and  re-entry  phases  of  space 
craft  (11).  rhe  device  can  he  prograrnnieil  within  it.s  performance  lirjiits  with  acceleration  recordings  obtained 
under  actual  flight  conditions.  I’pward  mid  dowinv.ird  acceleration  tracks  have  also  been  built  with  slid¬ 
ing  seats  projected  by  explosive  charges  to  study  human  tolerance  to  ejection  from  high-speed  aircraft 
(ejection  seal).  Ibirizoiital  tracks  with  rocket  propellcil  sleds,  which  can  be  stopped  by  braking  niechan- 
isnis  with  variable  functions,  have  been  ti.sed  to  study  the  offeets  of  linear  decelerations  similar  to  those 
occurring  in  autimudiilc  or  aircraft  craslies  fO).  Inlcrest  has  rccectly  developed  in  the  study  of  cornbina- 
tioiis  of  increased  static  acceleration  with  Iriia.sient  accclcr.ilions  and  vibrations.  Ibis  is  done  by  mounting 
vihratiirs  on  ceiUrifnges.  Illast  lubes,  .siren.-.,  and  hoily  r('.s|iiralors  are  used  to  study  the  body’.s  response 
to  pres.sure  distributions  .surrounding  it.  At  low  freipiioicies  the  rcspir.ilor  hii.s  been  valuable  in  .studying 
the  response  of  the  liing-thorax  system.  .Small  vibr.iliiij;  pistons,  which  are  uvnilahle  for  a  wide  fre(]ueney 
range,  have  hecu  used  in  iiivcsligaliiig  liic  merlianical  iin|iedance  of  .siuull  surfaces,  the  transmission  of 
vibration  ami  llic  [divsiidogical  re.iclioii  to  loe.ili/ed  oxcitalloii.  I'he  range  of  some  high  acceleration  de- 
vice.s  is  shown  in  figure 
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Figure  3.  -  llaiiges  of  liine  anil 
aceeloralion  obtainable  with  cer¬ 
tain  devices  (  after  (.‘lark  and  (fray 
(24)], 
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SIMUCATION  OF  HUMAN  SUBJECTS 


The  establishment  of  human  tolerance  limits  to  mechanical  forces  and  the  explanation  of  injuries  pro¬ 
duced  when  these  limits  are  exceeded  frequently  requires  experimentation  at  various  degrees  of  potential 
hazard.  To  avoid  unnecessary  risks  to  humans,  different  types  of  animals  are  first  used  for  detailed  physio¬ 
logical  studies.  As  a  result  of  these  studies,  levels  may  be  determined  which  are,  with  reasonable  prob¬ 
ability,  safe  for  human  subjects.  However,  the  obvious  limitations  of  such  comparative  experiments  must 
be  kept  in  mind.  The  different  structure,  size,  and  weight  of  most  animals  shifts  their  response  curves  to 
mechanical  forces  into  other  frequency  ranges  and  to  other  levels  than  those  observed  on  humans.  This 
must  be  considered  in  addition  to  the  general  anj'partially  known  physiological  differences  between  species. 
For  example  the  natural  frequency  of  the  thorax-abdomen  system  of  a  human  subject  is  betweenS  and  4  c.p.s.; 
for  a  mouse  the  same  resonance  occurs  between  18  and  2.5  c.p.s.  Maximum  effect  and  maximum  damage 
therefore  occur  at  different  vibration  frequencies  and  different  shock-time  patterns  than  in  the  human  case. 
However,  the  principal  laws  of  response  and  effect  are  well  worth  studying  on  small  animals  if  care  is  taken 
in  the  interpretation  of  the  data  and  if  .scaling  laws  are  established.  Dogs,  pigs,  and  monkeys  are  used  ex¬ 
tensively  in  such  tests. 

Many  kinematic  processes,  physical  loadings,  and  gross  destructive  anatomic.al  effects  can  be  studied 
oa  dummies  which  approximate  a  human  being  in  size,  fonii.  mobility,  total  weight,  and  weight  distribution 
in  body  segments  Several  such  Jaiiimies  are  coiiiiiicrcially  available.  In  contrast  to  tho.se  used  only 

for  load  purposes,  diim.iuies  .siruulating  ba.sic  .static  and  dynamic  properties  of  the  human  body  are  called 
“anthropometric”  or  “aiilhropomorpliic”  diiiuniics.  They  have  been  used  extensively  in  aviation  and  auto¬ 
motive  crash  rc.search  and  in  other  studies  to  precede  work  with  human  .subjects  and  to  study  protective 
scats  and  harnesses.  .Such  dummiits  attempt  to  imitcli  the  “resiliency”  of  human  flesh  by  some  kind  of 
padding,  but  they  are  crude  .siimil.Uions  .it  be.st  .md  the  ilyiiamlc  mechnnical  properties  are,  if  at  all,  only 
reasonably  matched  in  a  very  narrow  low-frcqiicucy  range.  I'liis  and  the  passiveness  of  such  dummies  must 
be  kefit  in  mind  as  im(iortaiit  aieclianii  .il  iliffercnccs  between  them  and  living  subjects. 

Efforts  have  been  made  to  simulate  tlie  mecliauieal  properties  of  the  Imman  head  more  closely  in  order 
to  study  the  physical  phenomena  oeeiirriag  in  die  br.iiii  (luring  enisli  conditions  (2.3).  Although  these  forms 
only  approximate  the  liumau  head,  they  are  verv  useful  in  'lie  •■valuation  of  the  |>rotei  tive  features  of  crash, 
safety,  and  .mti-buffel-lielmetK.  I’l.islie  head  forms,  eonforiuiiig  to  standard  liead  measurements,  are  de- 
signiai  to  fracture  in  tl'.e  same  eiiergy  i.iiige  .is  that  eslaiil  isdied  for  die  limiiaii  head.  .\  cranial  vault  is 
provided  to  lioiise  iustrumeiU.iliou  ,md  .i  si  mu  l.ited  brain  mass  with  eomparable  weight  and  consistency  (a 
mixture  of  glveeririe,  etlivleiii'  giveol.  etc.).  I  he  st.ilie  properties  of  tlie  skin  and  scalp  tissue  have  been 
simulated  with  poiy-vinyl  foam. 

rile  static  and  dynamie  lireaking  strength  of  bones,  ligaments,  and  muscles  and  the  forces  producing  frac¬ 
tures  in  rapid  decelerations  have  Ireipiently  been  studied  on  eailaver  material  (26,27,28),  Extreme  caution 
must  be  exercised  in  a|i|ilying  elastic  and  strength  properties  obtained  in  diis  way  to  a  situation  involving 
the  living  organism,  d'he  differences  observed  bctwoeii  wet,  dry,  and  embalmed  preparations  are  consider¬ 
able  (29)  and  changes  in  thc.se  properties  will  abso  result  in  elianges  in  the  force  distribution  or.  a  composite 
structure. 

A  multitude  of  physiological,  anatomical,  and  physical  factors  must  be  considered  for  euch  specific  situa¬ 
tion,  in  whicli  tlie  use  of  animals,  duitiiiiie.s,  or  cadavers  as  .sub.stitutes  for  live  liuman  subjects  is  planned. 
Only  such  careful  analysis  paired  with  long  experience  will  make  either  of  these  methods  a  worth-while 
tool  for  prediction  and  extrapolation. 

PIIYSICAI,  OIIAHAC'I'KIIISTICS 


ANATOMY 

Structurally,  the  body  consists  of  a  bard,  bony  skeleton  whose  pieces  are  held  together  by  tough,  fibrous 
ligaments  and  which  is  embedded  in  a  highly  organized  mass  of  connective  tissue  and  muscle.  The  soft  vis¬ 
ceral  organs  are  contained  within  the  rib  cage  aad  llic  abdominal  cavity. 
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An  outline  of  the  skeleton  is  shotvn  in  figure  4.  The  slightly  bowed  vertebral  column  is  the  central 
structural  element.  It  consists  of  a  number  of  individual  vertebrae  which  have  roughly  cylindrical  load- 
bearing  elements  separated  by  fibro-cartilaginous  pads.  Near  the  lower  end  several  vertebrae  are  fused 
together  to  form  the  sacrum  which  is  a  tightly  fitting  part  of  the  pelvic  girdle.  The  skull  rests  at  the  top 
of  the  column  and  is  held  in  place  by  muscle  and  connective  tissue  as  well  as  by  ligaments.  At  the  bottom 
of'each  side  of  the  pelvic  girdle  is  a  roughly  hemispherical  hollow  into  which  the  head  of  the  femur  fits. 
Below  the  femur  are  the  tibia  and  fibula  which  in  turn  rest  on  the  ankle  and  foot  bones. 


I-'ifiiirc  4.  -  l)hif:raiii  <.f  hiinian  skclciiin  f  from 
(.(tjdniiin  (3.4)]. 


The  intcrvcrtebriil  disc.s  arc  dcii.sc  f ibro-carli lapinmi.s  pads.  The  hip,  knee,  arid  unkle  joints  have 
cartilaginous  laycr.s  on  llicir  articular  .sarf.ii'e.s  .i.s  ilo  also  tile  joints  of  the  upper  liiidjs.  The  foot  hns  a 
tough  connective  tissue  pad  at  the  hcc!  .mil  an  arrangcaier, t  <if  hiinc.s  which  acta  to  distribato  applied  loads. 
All  the  joints  are  held  together  hv  liganieal.s  which  arc  flexible  liut  relatively  inexteiisible.  These  ligaments 
form  a  more  or  less  cris.scro.ss  I. icing  whiili  permits  niovcuicnt  of  tlic  joints  in  a  suitable  direction  without 
stretching  the  ligami^nts  tlieiii.sclves  to  an  ap|.reciab!e  extent.  T  he  .sacroiliac  joint  is  held  tightly  and  al¬ 
most  imniovably.  The  rib  cage  and  .slimijdcr  girdle  are  also  depemleiU  on  aiusclc  and  connective  tissue  for 
their  supjiort. 

In  the  ideal  standing  position,  a  plumb  line  through  the  center  of  gravity  of  the  body  passes  through  the 
lower  lumbar  and  upper  sacral  vertebrae,  .slightly  behind  the  hip  joint  sockets  and  a  bit  in  front  of  the  knee 
and  ankle  joints.  Upward,  the  line  pus.ses  in  front  of  the  thoracic  curve  of  the  vertebral  column  and  through 
the  support  at  the  base  of  the  skull.  Vertical  lhrust,s  may  he  taken  up  by  the  compression  of  the  Joint  pads 
and  by  bending  of  the  vertebral  column.  'I'lierc  is  often  n  slight  forward  turning  moment  nt  the  pelvis  espe¬ 
cially  in  older  adults.  Small  deviations  from  postural  symmetry  may  result  in  a  markedly  asymmetrical  force 
distribution  under  tlie  action  of  vertical  thrusLs. 

d’hc  body  mu.sculatiire,  sufiported  from  the  skeleton  by  tendons  and  held  together  by  a  network  of  connec¬ 
tive  tissue  fibers,  forms  n  secondary  supporting  .structure  for  the  skeleton  and  joint.s.  Fat  and  skin  also 
contain  connective  tissue. 


In  compression,  soft  tissues  resemble  water  in  their  mechanical  properties,  but  in  shear  they  approxi¬ 
mate  stiff,  nonlinear  gels  with  internal  losses. 

The  visceral  organs  (fig.  5)  contained  within  the  thoracic  cage  and  abdominal  cavity,  are  soft  tissue 
elements,  separately  encapsulated  to  slide  freely  over  each  other,  and  supported  individually  by  membranes 
and  ligaments  and  collectively  by  the  bone,  muscle,  and  connective  tissue  surroundings.  Their  weights 
range  from  a  fraction  of  an  ounce  to  several  pounds  and  most  of  the  supporting  membranes  are  very  flexible. 
The  kidneys  are  embedded  in  fatty  tissue  and  held  By  a  connective  tissue  sheath  in  a  depression  in  the 
posterior  wall  of  the  abdominal  cavity.  The  stomach  is  supported  by  the  esophagus  and  its  displacement 

is  restricted  by  the  dome-shaped  diaphragm  which  is  a  large  sheet  of  muscle  separating  the  chest  cavity - 

from  the  abdominal  cavity.  The  lungs,  filled  with  tiny  air  sacs,  are  held  in  place  by  a  combination  of  sup¬ 
ports  including  a  pressure  differential.  The  heart  is  held  in  place  by  ligaments  stretched  longitudinally 
through  the  cheat  cavity  and  by  large  blood  vessels.  Considerable  support  is  also  provided  by  the  diaphragm. 


r,.  -  of  position  of  hiiiiian  viscera 

!  from  (iolilinan 


The  brain  and  spinnl  cuiil  liiive  .sptri  iiil  iirDlectioii.  I'lic  foniicr  is  siirrtriinded  by  liquid  contained  ino.stly 
in  the  .spongy  .sub-aracliiioid  s[>atf  iiisiilc  liic  skull.  I'lic  spinal  cord  runs  longitudinally  tbrough  holes  in 
the  vertebrae  lined  with  heavy  ligainnnls  ant)  a  nienibranc  which  forms  a  lli|uid-fillcd  lube. 

I'luid  in  the  body  consist.s  nf  1)  .b  to  6  liters  of  blood  in  the  heart,  arlerie.s,  veins,  and  capillariea;  2) 

100  to  l.SO  cni.'^  of  cerebrospinal  fluid  surrounding  the  brain  and  spinal  cord  and  also  with  the  ventricular 
cnvltie.s  of  the  brain;  .'))  the  interstitial  fluid  found  everywhere  in  tJie  body  us  a  bathing  fluid  for  cells  and 
tis.sues  but  nowhere  in  large  reservoirs;  and  4.)  litjuid  contained  from  time  to  time  in  the  stoniuch,  intestines, 
and  bladder.  Gas  occurs  in  the  siniistts  of  the  skull,  the  oronusul  cavity,  the  trachea,  the  lungs,  and  often 
in  the  stomach  and  intestines  I'he  latter  two  organs  often  contain  solid  matter  as  well. 
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Table  1.  Mechanical  Characteristics  of  the  Human  Body  and  Some  of  Their  Applications 


Dynamic  mechanical  Quantity  Investigated 
Skull  resonances  and  viscosity  of  brain  tissue 
Impedance  of  skull  and  mastoid 

Ultrasound  transmission  through  skull  and  brain 
tissue 

Sound  transmission  through  skull  and  tissue 
Mechanical  properties  of  outer,  middle  and 
inner  ear 

Resonances  of  mouth,  nasal  end  pharyngeal ~ 
cavities 

Resonance  of  lower  jaw 
Response  of  mouth-thorax  system 
Propagation  of  pulse  cardiac  pressure 
Heart  sounds 
Suspension  of  heart 

Response  cf  the  thorax-aKHominal  mess  &iystein 
Impedance  of  subject  sittiug,  standing  or 
on  vibrating  platform 

Impedance  of  body  surface,  surface  wave  velocity, 
sound  velocity  in  tissue,  absorption  coefficient 
of  body  surface 


Absorption  of  ultrasound  iu  tissue 


Problem  Area  of  Application 
Head  Injuries;  bone-conduction  hearing 

Matching  and  calibration  of  bone-conduction 
transducers;  ear  protection 
Brain  tumor  diagnosis;  changes  in  central 

nervous  system  exposed  to  focused  ultrasound 
Bone-conduction  hearing 
Theory  of  hearing;  correction  of  hearing 

deficiencies  _  _  _ 

Theory  of  speech  generation;  correction  of  speech 
deficiencies;  oxygen  mask  design 
Bone-conduction  hearing 
Blast  wave  injury;  respirators 
Circulatory  physiology;  bemodynamifcs 
Physiology  of  heart;  diagnosis 
Ballistocardiography;  injury  from  severe 
vibrations  and  crash 

Severe  vibration  and  crash  injury;  crash  protection 
Isolation  and  protection  against  vibration 

and  short  time  accelerations;  ballistocardiography 
Theory  of  energy  transmission  and  attenuation  in 
tissue;  determination  of  tissue  elasticity,  vis¬ 
cosity  and  compressibility;  deteraiination  of 
anoustic  and  vibratory  energy  entering  the  body, 
vibration  isolation;  design  of  vibration  pickups; 
transfer  of  vibratory  energy  to  inner  organs  and 
sensory  receptors 

T  heory  of  energy  transmission  on  cellular  basis 
dcierminaiiuD  of  doses  for  ultrasonic  therapy. 


Figure  6.  -  Kffect  of  loading 
distortion  of  body  surface  on  sur¬ 
face  impedance  of  soft  tissue  for 
two  experimental  human  subjects 
A  and  B  [after  Franke  (21)J. 
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The  cells  of  which  the  body  is  made  have  a  wide  variety  of  size  and  shape.  Diameters  range  from 
about  0.0001  to  0.01  inch.  .Shapes  may  be  spherical,  disclite,  columnar,  flat  or  highly  irregular.  Many 
cells  have  filamentous  processes  projecting  from  them.  The  internal  structure  of  ceils  is  also  very  com¬ 
plex.  I’hey  contain  salts,  protein,  carbohydrates,  and  many  other  substances.  Approximately  60  to  80 
percent  of  the  cell  is  water.  Nuclei  and  other  inclusion  bodies  are  found.  The  rest  of  the  cell  is  a  vis¬ 
cous  solution  or  gel  with  evidence  of  considerable  submicroscopic  structure. 

Soft  tissues  consist  of  cells  held  together  by  connective  tissue  and  by  intercellular  links.  Blood  is 

a  liquid  containing  nearly  .tO  percent  by  volume  of  disclike  red  cells  together  with  a  few  vyhite  cells.  Soft  . 

tissues  exhibit  a  wide  variety  of  structures.  Striped  (voluntary)  muscle  consists  of  parallel  bundles  of 
long  thin  cells  which  can  be  either  relaxed  or  contracted.  Control  of  contraction  is  provided  by  nerve  fi¬ 
bers  which  act  on  small  groups  of  muscle  fibers,  and  the  elastic  stiffness  of  the  whole  muscle  can  vary 
widely.  .Smooth  (involuntary)  muscle  occurs  mostly  in  the  walls  of  hollow  organs  .such  as  the  stomach,  in¬ 
testines,  blood  vessels,  and  other  specialized  organs.  Ihc  heart  consists  of  a  specialized  type  of  muscle 
fiber. 

Nerve  tissue  is  partly  cellular  (grey  matter)  and  partly  fibrous  (white  matter).  The  latter  contains  con¬ 
siderable  fatty  materia!  in  the  fiber  .sheaths. 

Bone  is  also  very  complex,  d'here  is  an  outer  layer  of  hard  compact  material  underneath  which  i.s  a  layer 
of  looser,  spongelike  bone  .so  arranged  ns  to  produce  a  maximum  of  strength  for  comiiionly  encountered  stresses. 
The  marrow  of  some  bones  contain.s  blood-forming  tissue. 

The  density  of  most  soft  tisout;  i.s  between  1 .0  and  1.2  witli  fatly  tissue  being  souiewhul  ligiitcr  and  bone 
somewhat  heavier.  Lung  tissue  i.s  lighter  still  becau.se  of  its  nir  content. 

PIIY.SICAI,  CONSTA.N'l'S  AND  MKCIIANICAI.  Tli AN.SMlS,SinN  CHAM ACTHllISTICS 

Use  of  the  Physical  Data.  -  'I'his  section  .suimiiarizes  briefly  what  is  known  about  the  passive  mechanical 
res[ion8es  of  the  humati  laaly  at»d  tissues  expos<rd  to  vibration  and  impuel.  1  he  data  ean  be  used  to  calcu- 
lute  quantitatively  the  transmission  and  dissip.ition  of  vibratory  energy  in  human  body  tissue,  to  estimate 
vibration  amplittnles  and  pre.ssures  at  <lifferriit  locations  of  the  body  and  to  predict  the  effectiveness  of 
various  proteclivt^  measures  I'rc'qaently  data  ean  be  applied  to  many  probltans  olla^r  thtvn  the  one  for  which 
the  original  study  wa.s  undertaken.  Tiibb*  1  sununari/ats  souk;  kitnls  of  dynaniic  merdianical  characteristics 
which  have  been  .studied  and  indicates  some  of  tlw  areas  of  application.  In  cases  wh(;re  detailed  quantita¬ 
tive  investigations  are  lacking  tin-  information  may  still  serv<"  as  a  guide  for  the  ('xplanution  of  observed 
phenomena  or  for  the  prediction  of  results  to  he  expected.  Most  physical  eharnelcrislies  of  the  human  body 
presented  in  tliis  piiragraph,  except  for  the  strength  ihita,  li.ive  been  obtained  by  assuming  the  body  to  be 
a  linear,  passive  mechanical  system.  This  i.s  an  idealization  which  liolil.s  only  for  very  small  amplitudes 
and  must  be  kept  in  mind  if  nieehunicnl  injury  to  tissue  is  coiisidereil.  'I'here  i.s  actually  considerable  non- 
linciirity  of  response  well  below  amplitudes  required  for  the  production  of  damage.  An  example  of  this  is 
given  in  figure  fi.  Whereas  hone  bchavtjs  more  or  less  like  u  normal  .solid,  soft  elastic  tissues  like  muscle, 
tendon,  and  connective  tissue  resemble  elastomers  with  rc.spect  to  Young’s  modulus,  S-shaped  stress-strain 
relation  and  large  slretchnbiiily .  I'heir  properties  have  been  .studied  in  connection  withthe  quasi-static 
pressure-volume  relation.s  of  hollow  organs  such  as  arteries,  the  heart,  the  urinary  bladder,  and  so  on  (30), 
but  linear  properties  have  always  been  assumed  when  dynamic  re.sponses  were  studied.  .Soft  tissue  can  tlieii  be 
described  phenomenologically  as  a  visco-elastic  medium  and  plastic  deformation  has  to  be  considered  only 
if  injury  occurs.  Approximate  physical  properties  re[ircserilalive  of  human  body  tissue  are  summarized  in 
table  2. 

The  combined  use  of  soft  tissue  and  bone  in  the  structure  of  the  body  together  with  the  body’s  geometric 
dimensions  results  in  a  sy.steni  wliicb  exhibits  roughly  three  different  types  of  response  to  vibratory  energy 
depending  on  the  frequency  range:  at  very  loxv  frequencies,  below  approximately  100  c.p.s.,  the  body  can  he 
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Table  2.  Physical  Properties  of  Huraan  Tissue 

Tissue,  Soft 

Bone,  Compact 

Fresh 

Efnbaimed,  Dry 

9 

Density,  g/cm. 

Young's  Modulus,  dyne/cm/ 

Volume  compressibility,*  dvne/cm.^ 

Shear  elasticity,*  dyne/cm. 

Shear  viscosity,*  dyne  sec/cm. ^ 

1-1.2 

7.5  X  10* 

2.6  xlO^® 

2.5  X  10* 

1.5  X  10^ 

1.93  -  1.98 
.2.26  X  10“ 

1.87 

1.84X  10*^ 
1.3  xlO^l 
7.1  X  10^® 

Sound, velocity,  cm/sec. - - 

Acoustic  impedance,  dyne  sec/cm.^ 

Tensile  strength,  dyne/um,^ 

Shearing  strength,  dyne/cm.^,  parallel 

perpendicular 

^  175-1.6X  10^ 

1.7  X  10^ 

3.36  X  10^ 

6  X  10^ 

9.75  X  10^ 

4.9  X  10^ 
1.16  X  10^ 

6  X  10^ 

1.05  X  10^ 

5.55  X  10® 

♦Lame  elastic  moduli 


described  for  most  purposes  as  a  lumped  parameter  systcjii.  Resonances  are  observed  whicb  can  be  attri¬ 
buted  to  the  interaction  of  tissue  masses  with  purely  elastic  structures,  h’or  higher  frequencies,  through 
the  audio-frequency  range  and  up  to  about  100  kc.p.s.,  the  wave  propagation  of  vibratory  energy  becomes 
more  and  more  important  but  the  ty|ic  of  wave  propagation  (shear  waves,  .surface  waves,  or  compressional 
waves)  is  strongly  Influenced  by  boundaries  an<l  geometrical  configurations.  Above  100  kc.p.s.  and  up 
into  tbe  nic.p..s.  range,  compression  vvaves  predominate  and  arc  propagated  in  a  beam-like  manner.  This 
viewpoint  permits  not  only  a  phenoinciiological  description  of  the  body’s  mechanical  properties  hut,  in  an 
increasing  nun.bcr  of  cases,  foiims  the  basi.s  for  attempts  to  explain  the  behavior  of  tissue  in  terms  of  micro- 
sconic  tissue-  uui  cell-structure. 


The  Low  Frecjnenry  Ran^e.  -  .Simple  mechanical  circuits  .such  us  one  shown  in  figure  7  for  a  standing 
man,  are  usually  sufficient  to  describe  and  understand  tlic  im|)ortant  features  of  tbe  response  of  the  human 
ho  ly  to  low  frequency  vibrations  (.’!  l,.‘ir),,'17).  .N'cvcrthclcss  it  is  difficiill  to  assign  numerical  valuos  to  the 
eleiuciU.s  of  the  circuit,  since  tliev  ilepend  critically  on  the  kind  of  evcilallon,  llie  boily  type  of  the  subject, 
liis  position  and  imiscle  tone. 


Ligiirt-  7.  -  .Sini pli  fi i-<l  tiiorliaiiical  cir»  uil  for 
Ilian  siiinding  nii  a  vcrllc.illv  viliraiinj;  plalfuriii 
1  after  (ioliliiiaii  (.3-1) 


MECHANICAL  ANALOGUE  OF  THE  HUMAN  BODY 
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IMPEDANCE  INI  lO'®  DYNE/CM./SEC, 


FREOU^NC^'  IN  CPS 


Figure  8.  -  Mechanical  impedance 
of  standing  and  sitting  human  subject 
vibrating  in  the  direction  of  his  longU 
tiidiual  axis.  The  effects  of  body  pos¬ 
ture  and  of  a  semi-rigid  envelope 
around  the  abdomen  are  also  shown 
[after  Coermann  (32)  and  Coermann  - 
etal.  (33)J. 


Subject  exposed  to  vibrations  in  the  longitutlinal  direction.  -  The  nieclianical  impedance  of  a  man  stand- 
ing  or  s itting  on  a  vertically  vibrating  platfornr  is  shown  in  figure  fl.  iJelovv  approximately  2  c-p.s,  the  body 
nets  as  a  unit  mass.  l'*or  the  sitting  man  the  first  re.sonancc  is  found  between  4  and  6  c.p.s.;  for  the  stand¬ 
ing  man  resonance  peaks  arc  observed  at  about  .S  and  12  c.p.s.  (7,32).  1  he  numerical  value  of  the  impedance 

along  with  its  phase  allows  calculation  of  llie  total  energy  transmitted  to  the  suuject. 


d’hc  resonances  at  4  to  h  c.p.s.  and  10  to  14  c.p.s.  are  suggc.stive  of  mass-spring  combinations  of  the 
entire  torso  with  the  lower  spine  .inJ  pelvis  on  the  one  band  and  the  upper  torso  on  the  other  hand  with  for¬ 
ward  flexion  tiiovemcnls  of  the  upper  vertebral  coliiiiin.  I'lie  a.s.sun»]>tinn  lliat  flexion  of  tiio  upper  vertebral 
colutan  occur.s  is  siipport<'d  by  ob.scrvalions  of  llu:  transient  respfinse  of  the  body  to  vertical  impact  loads 
and  associate<l  compression  fractures.  I'lie  greatest  loads  occur  in  llie  region  of  tlie  eleventh  thoracic  to  the 
second  lumbar  vertelira  wliicli  can  Uierefore  be  assnined  as  tin*  hinge  area  for  flexion  of  tile  upper  torso.  Since 
the  cciUtT  of  gravity  of  the  upper  torso  i.s  ronsideridily  forwaril  i)f  llic  spine,  flexion  movement  will  occur  even 
witii  the  force  appittwl  parallel  to  the  axis  of  tlie  spine  (sec  also  fig.  23).  (.hanging  the  direction  of  the  force 
so  that  it  includes  an  angle  with  iJie  spine  (for  evatiiple  by  lilting  the  torso  forward)  infliumcc.s  this  effect  con¬ 
siderably.  .Siti'ilarlv  the  ( ctUer  of  gravitv  of  the  liionl  can  be  cons  iderahly  in  front  (jf  the  nt:ck.  joint  which  per* 
mils  forward-liackwiird  motion,  riils  situation  results  in  forward-backward  rotation  of  the  head  instead  ol  pure 
vertical  riioliou.  I'ixamples  (tf  rcl.ilive  amplitudes  for  different  p.irls  of  the  body  arc  .shown  in  figure  9  for  the 


I'  igure  '■}.  -  rrnnsinission  of  verli*  <ii 
vibration  from  table  to  variou.s  parts  of 
pie  body  of  a  standing  Inmuai  sui>jc<-t 
[ofter  nicckniann  (7),  data  for  Irans- 
liiis.sion  to  bell  after  Itadk^?  (3.'>)). 


FREQUENCY  IN  CPS 
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ACCELERATION  RATIO 


FREQUENCY  IN  CPS 


Kif'iirc  t  I.  -  \ tti’iniiit ion  <>(  vorliml  niitt  lio*i/oitini 
viliraiiou  for  a»«l  siuin*/  Inim.in  Mihjfi 

1  ( ionlimious  liiu'.s  ;j  ft  or  von  (■.?)!.  .Shai/o*! 

aroit  is  raii^jo  of  valin-s  lor  |0  sulijiMis  j.ifior 
(iocrtii.mii 


Figure  10.  -  Transmission  of  longitudinal  vertical 
-  vibration"  from  table  to  variousTarts  of  body  of  seateiT 
human  subject  [after  Dicckmann  (7)1. 


stiinding  and  in  figure  10  for  tlic  Hitting  .subject  (7).  I  lie  curves  allow  an  amplification  of  motion  in  the  im¬ 
pedance  resonance  range  and  a  decrease  at  higher  frequencies.  I'he  impedances  and  the  transmission  fac¬ 
tors  arc  changed  considerably  by  individual  diffcrence.s  in  the  body  and  its  posture  as  well  as  support  by  a 
seat  or  back  rest  for  a  sitting  subject  or  by  the  slate  of  the  knee  or  ankle  joints  of  a  standing  subject.  The 
resonance  frequencies  remain  relatively  constant  whereas  the  transmission  ratio  varies  [for  the  condition 
of  fig.  10  transmission  factors  as  high  as  4  have  been  observed  at  4  c.p.s.  (S.”!)].  Above  approximately  10 
c.p.s.  vibration  amplitudes  of  the  body  are  smaller  than  the  amplitudes  of  the  exciting  table  and  de¬ 
crease  continuously  with  increasing  frequency.  I'he  attenuation  of  the  vibrations  transmitted  from  the  table 
to  llie  head  is  illustrated  in  figure  II.  At  100  c.p.s.  this  attenuation  is  around  40  db.  The  aileiiuulion  along 
the  body  at  50  c.p.s.  is  shown,  although  not  for  pure  longitudinal  excitation,  in  figure  12. 
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Figure  12.  -  Attrniuilion  of  vihriilion  al  50  c.jj.s.  olonp  human  body.  Kx- 
ritnlicjn  of  a)  hand  ainl  !i)  platform  on  whicrh  snljjiM  t  stands  (after  von  Ockflsy 
(2)1. 

between  20  and  .'iO  c.|i..s.  lliu  head  c.xliibits  a  resonance  as  can  he  .seen  clearly  in  figures  9  and  10.  In 
this  range  the  head  aiu|ditudo  can  exc<a'd  the  shoulder  arn|ditudc  hy  a  factor  of  3.  'I  hi.?  resonance  is  of 
importance  in  cimncction  with  the  deterioration  of  visual  aeiiily  under  the  influence  of  vibration,  .\nother 
frequency  range  of  disturbances  between  60  and  90  e.p.s.  sugge.sts  an  eyeball  resonance  (36). 

'I'lic  i/npedanee  of  th(‘  human  body  lying  on  its  hack  on  a  rigi<l  surface  and  vibrating  in  the  direction  of 
its  longitudinal  axis  lias  been  determined  by  ballisloeardiograph  studies  (37).  The  total  mass  of  the  body 
forms  a  simple  ma.ss-s|iring  sy.stem  with  the  elaslieitv  and  resistance  of  the  skin  for  tangentiiil  vibration, 
b'or  the  average  subject  the  te.-amaiit  frc.jiicnc.  is  bt  iweeii  3  and  3..')  c,p..s.  .ind  the  (.)  of  the  system  i.s 
about  3,  lleslrictiiij'  the  stdiject’s  mobility  by  cl, imping  the  body  ,il  the  feet  ,iiul  shoulders  between  plates 
connected  with  the  i.dde  ch.inge;;  the  resonant  fre.|iiency  to  approximately  9  e.p.s.  and  the  (.)  to  about  2.3. 

One  of  the  most  inqiort.oit  sub.syslem.s  of  the  Ixolv,  which  i.s  excited  in  the  stioidiiig  and  sitting  po.sition 
as  well  as  in  the  Iviiig  position  i.s  the  thorax-. ibdoinen  system  (37, 3H),  The  .ibdominal  viscera  have  a  high 
mobility  due  to  the  very  low  stiffness  of  the  iliaphr.igm  and  tbe  air  Volume  of  the  lungs  and  the  chest  wall 
behind  it.  I  nder  the  inlluence  of  both  longitudiii.d  ainl  Ir.insverse  vibration  of  the  torso,  the  abdominal 
mass  vibrates  in  and  out  of  the  thorai-ic  cage.  I  hese  vilirnlions  not  only  take  (ilace  in  the  (longitudin.il) 
direction  of  e  x  c  i  t  ,il  i  on  but  dorine  lloii  pha^e  of  the  cycle  when  the  aiidoiuitial  loiiteiits  swing  towarils 
the  hips  the  abdominal  wall  i.s  sireti  bed  outward  and  the  abdomen  a|)pear.s  larger  in  volume;  at  the  same 
time  the  downward  deflection  of  the  dinpliragiii  eause.s  a  decrease  of  the  chest  eircunifercnce.  At  the  other 
end  of  the  cycle  the  alidoiniiial  wtill  i.s  pres.sed  inward,  t)te  dia|>liragm  upward  and  the  chest  wall  is  expanded 
Thi.s  periodic  displacement  of  the  abdominal  viscer.i  lias  a  sharp  resmmnce  between  3  and  3. .3  e.p.s.  (fig. 
13).  It  should  be  clear  that  the  oscillations  of  the  .ibdomiiia!  ma.ss  are  coupled  with  the  air  o.scillutiona 
of  the  moulh-chest  system  (19, .33).  Measurements  of  the  impedance  of  the  latter  system  at  the  mouth  by 
applying  oscillating  air  pressure  to  tbe  nioulli  shows  that  the  abdominal  wall  and  the  anterior  chest  wall 
respond  to  this  |iressure.  I'lic  impedance  has  a  initiiniuni  and  the  pliase  angle  is  zero  between  7  and  8  c.p.i 
The  abdominal  wall  slonvs  maxirnum  response  between  3  and  8  c.|i.s.,  the  anterior  chest  wall  between  7 
and  11  e.p.s.  Vibration  of  the  abdominal  system  re.siilting  from  exposure  of  a  sitting  or  standing  subject 
i.s  clearly  delected  as  modulation  of  the  flow  velocity  through  the  mouth  (fig.  13).  (At  large  amplitudes 
speech  can  be  modulated  at  the  exposure  frequency.)  An  electrical  equivalent  circuit  for  the  abdomen- 
chest-iiioutli  system  is  shown  in  figure  14. 
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Figure  13.  -  Typical  response  curves  of 
the  thorax-abdomen  system  of  a  human  sub¬ 
ject  in  the  supine  position  exposed  to  longi*- 
tudinal  vibrations.  The  displacement  of  the 

abdominal  wall  (2  in.,  below-umbilicus),  the — . - 

air  volume  oscillating  through  the  mouth, 
and  the  variations  in  thorax  circumference 
are  shown  per  g  longitudinal  acceleration 
[from  Coermann  et  al.  (33)1. 


KiRur('  14.  -  Fleclrical  analog  circiiit 
for  abdomcn-clicsi-inoutli  system.  I,^  is 
abdominal  luasj-.,  is  rln.siiriiy  tif  ab¬ 
dominal  wall,  diaf)hragiti,  ot<  ..  is  re¬ 
sistance  asHocintrcl  with  abdominal  mass; 

C'p,  !/p,  R'p  arc  oiasii*'ily,  mass,  resis¬ 
tance  of  thorax;  C!|^  is  chisticily  of  air 
volisnio  of  longs;  I.,  H  arc  tnnss  an<l  fcsis- 
lanre  for  air  flow  into  and  out  of  the  lungs. 

I  is  rxcilulion  velocity  of  toiso;  i'p,  i[  ,  i\j 
are  v<‘lo<  illos  of  wall  of  thorax,  rompres- 
sion  of  lung  and  of  air  flow. 

.Siil)j(M  t  exposed  tn  vibrations  in  the  iran.s ver.st*  dirtMli'S).  -  I’lu:  physical  rcs[)onse  tf)  transverse  vibration 
—  i.e.,  [inrizontal  in  tbe  normal  upright  positioii-is  quite  diffcrotil  from  that  lescribed  for  vortical  vibration: 
instead  of  tlirust  forco.s  iicling  primunlv  abaig  the  line  of  action  I'f  llie  fr)rec  r)f  gravity  on  the  human  body, 
they  act  al  right  angles  to  this  line,  l  lie  distribiilinn  of  the  body  fnasses  along  this  line,  is  therefore  of  the 
utmost  innHjrlance  and  greater  difference.^  inusl  be  expected  between  sitting  and  standing  subjects  than  for 
vertical  vibration  where  the  supj)orling  Htnirlure  of  the  .skelelon  anti  especially  the  spine  have  been  de.signcd 
for  vertical  loading. 

Impedance  measurenicnts  for  trarisvcrHC  vibration  are  not  available,  d'he  transmission  of  vibration  along 
the  body  is  illustrated  in  figure  l.S  (39).  I‘ or  a  standing  subject  the  hip,  shoulder,  and  head  amplitudes  are 
of  the  order  of  20  to  30  percent  of  the  table  amplitude  at  about  I  c.p.s.  and  decrease  with  increasing  fre¬ 
quency.  Relative  maxima  of  shoulder  and  bead  amplitudes  occur  at  2  and  3  c.p.s.  respectively.  The  sit¬ 
ting  subject  exhibits  amplification  of  the  hip  (i..5  c.p.s.)  and  head  (2  c.p.s.)  amplitudes.  All  critical  resonant 
frequencies  appear  to  be  between  1  and  3  c.p.s.  Investigation  of  experimental  results  of  the  type  of  figure 
IS  in  connection  with  phase  measurements  shows  that  the  transverse  vibration  patterns  of  the  body  can  be 
described  as  standing  waves,  i.e.,  ns  a  rough  approximation  one  can  compare  the  body  with  a  rod  in  which 
transverse  flexural  waves  have  been  e\c‘ilod.  One  has,  therefore,  in  agreemenl  with  the  experimental  re¬ 
sults,  nodal  points  on  the  body  which  become  closer  to  the  feet  as  the  frequency  increases  since  the  phase 
shift  between  all  body  parts  and  tlic  tabic  increases  continuously  with  increa.sing  frequency.  At  the  first 
characteristic  frequency  al  1.5  c.p.s.  the  bead  of  the  standing  subject  is  observed  to  have  a  180°  phase 
shift  compared  with  the  table;  between  2  and  3  c.p.s.  this  phase  shift  became  360°  (39). 
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Note  that  there  iire  longitudinal  head  siiotions  excited  hy  the  IransverHe  vibration  in  addition  to  the  trans 
verse  head  motions  shown  in  figure  IS  and  discussed  above.  The  head  perforins  nodding  motion  due  to  the 
anutuiuy  of  the  ii|i[ier  vertebrae  and  the  location  of  the  head’s  center  of  gravity.  Above  5  c.p.s.  the  head 
motion  for  the  sitting  and  standing  subjects  is  predominantly  vertical  (of  the  order  of  10  to  30  percent  of 
the  horizontal  table  motion). 


Vibrations  transmitted  to  the  hanil.  -  In  connection  with  studies  on  the  use  of  vibrating  hand  tools  seV' 
ernl  measurements  have  been  iiiailc  of  vibration  traasinission  from  hand  to  arm  and  body  {20,'10,41).  The 
impeilunce  meu.sured  on  a  hand  griji  for  a  specific  condition  ropresentntive  of  hand  tool  u.sc  is  presented 
in  figure  1().  The  impcdanci'  h.is  one  nuixiiiiiiin  in  the  range  below  .I  c.p.s.,  probably  determined  by  the 
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P’ipuro  16.  -  Ini|)(*ilancc  and  plui.si*  of  arm 

measurrMi  al  n  vibrtiliRg  baud  grip.  Klbow  flexion 
20°  to  26°,  static  pressure  oc  grij)  22  lbs.  Mcasur<*- 
ments  on  out*  subject  [after  Dieckniann  (40)|. 
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natural  Frequencies  for  transverse  excitation  of  the  human  body  between  1  and  3  c.p.s.  A  second  strong 
maximum  appears  between  30  and  40  c.p.s.;  the  effective  mass  of  the  hand  [approximately  2.2  lbs.  (1  kg.)] 
is  here  in  resonance  with  the  elasticity  of  the  soft  parts  on  the  inside  of  the  hand.  This  elasticity  between 
force  and  hand  has  been  estimated  as  2.10'^  cm/dyne.  With  a  practical  hand  tool,  which  operates  between 
40  and  50  c.p.s,,  it  has  been  found  that  the  vibration  amplitude  decreases  from  the  palm  to  the  back  of  the 
hand  by  35  to  65  percent.  Further  losses  occur  between  the  hand  and  the  elbow  and  the  elbow  and  the 
shoulder.  Figure  16  which  shows  thi.s  decrease  of  vibration  amplitude  from  the  hand  to  the  head,  indicates 
that  the  strongest  attenuation  occurs  in  the  shoulder  joint. 

The  Middle  Frequency  Range  Wave  Propagation).  •  Above  roughly  100  c.p.s.  simple  lumped  parameter 
models  become  more  and  more  unsatisfactory  for  describing  vibrations  of  tissue  and  it  becomes  necessary 
to  look  at  the  tissue  as  a  continuous  medium  for  sound  propagation. 

Skull  vibrations.  -  The  vibration  p.attern  of  the  skull  agrees  approximately  withthe  pattern  of  a  spherical 
elastic  shell  (42,43).  The  nodal  line.s  observed  suggest  that  the  fundamental  frequency  lies  between  300 
and  400  c.p.s.  with  resoaances  for  the  higher  inodes  around  600  and  WO  c.p.s.  The  frequency  ratio  between 
the  modes  is  approximately  1.7  while  the  theoretical  ratio  for  a  sphere  is  1.5.  From  the  observed  re.sonances 
the  elasticity  of  skull  bone  can  be  calculated.  'I’be  value  obtained  for  Young’s  modulus  (1.4  X  10’°  dynes/ 
cm.^)  agrees  fairly  well  with  static  lest  results  on  dry  skull  preparations,  but  is  somewhat  lower  than  the 
static  test  data  obtained  on  the  femur  (table  2).  liiipcdanccn  of  small  areas  on  the  skull  over  the  mastoid 
urea  (44)  have  .been  measured  for  practical  prohieais  (table  1).  The  impedance  of  the  skin  lining  in  the 
auditory  canal  has  been  inve.stignled  and  used  in  connection  witii  .studies  on  ear  protectors  (45). 

Vibrations  of  the  lower  jaw  with  rc.spect  to  tlie  skull  can  be  explained  by  a  simple  mass-spring  system, 
which  has  a  resonance,  relative  to  die  skull,  between  100  and  200  c.p.s,  (46). 

liiipcdaiice  of  soft  huiiinn  tissue.  -  Inqicdam  e  incasuremeiits  of  small  ureas  (1  to  17  cm.^)  over  soft  human 
body  tissue  have  been  made  with  vibrating  pistons  betw-een  10  and  20  kt.p.s.  This  impedance  starts  out  at 
low  frequcnt'ies  as  a  largo  clastic  reactance,  ttilh  inereasing  frequency  the  reaetunce  decreases,  becomes 
/ero  at  a  resonance  frequency  nnd  hecomes  a  mass  reactance  willi  still  further  increase  in  frequency  (fig. 

17)  (3,4,47).  I'hcse  data  cannot  lie  cxplaini'tl  by  .simple  luiiipcci  parameter  models,  but  reijuire  u  theory  of 
wave  propag.ition  in  a  viseo-el.isl i  1  meiliiiin  sueli  .is  the  li.ssiie  constitutes  for  this  frequency  range  (47,48). 
I'he  high  viscositv  of  the  inciiiiim  in. ikes  pnssihle  the  use  of  simplified  theoretical  ussuinplioiis,  such  as  a 
lioiiingeiicoiis  isotropic  infinite  nie.liiiin  .111. 1  a  vibrating  .sphere  instead  of  n  circular  piston.  I’he  re.sults  of 


Kigure  17.  -  Ite.sist.onee  .mil  ris'ii’lniiee  <il 
.■ircular  area,  2  cm.  ili.'iiiieter,  of  soil  lis.sue 
liotly  surfai  e.  .Siiioolli  curves  cal ru  la leil  for 
2  cm.  sphere  vibrating  in  a)  visco-elaslie 
medium  vrilli  priiperlies  .siniiliir  to  .soli  tissue 
(parameters  as  in  l.slile  2),  b)  friclionless 
compressible  fluid,  e)  incompressible  vis¬ 
cous  fluid  Ifroni  von  Gierke  rt  ui.  (47)} 
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such  a  theory  agree  well  with  the  measured  characteristics.  As  a  consequence  it  has  been  possible  to  . 
assign  absolute  values  to  the  shear  viscosity  and  the  shear  elasticity  of  soft  tissue  (table  2).  The  theory 
together  with  the  measurements  shows  that  over  the  audio-frequency  range,  most  of  the  vibratory  energy  is 
propagated  through  the  tissue  in  the  form  of  transverse  shear  waves  and  not  in  the  form  of  longitudinal  com¬ 
pression  waves.  Such  shear  waves  have  a  much  smaller  propagation  velocity  (and  therefore  wave  length) 
than  sound  and  a  strong  dispersion.  The  velocity  is  about  20  m/sec.  at  200  c.p.s.  and  increases  approxi¬ 
mately  with  the  square  root  of  the  frequency.  This  may  be  compared  with  the  constant  sound  velocity  of 
about  l.'^OO  m/sec.  for  comprcssional  waves.  Some  energy  is  propagated  along  the  body  surface  in  the  form 
of  surface  waves  which  have  been  observed  optically.  Their  velocity  is  of  the  same  order  as  the  velocity 
of  shear  waves  (47). 


From  the  mechanical  impedance  of  the  body  surface  one  can  calculate  the  acoustic  absorption  coeffi¬ 
cient.  This  indicates  what  percentage  of  an  incident  air-borne  sound  wave  is  absorbed  at  the  body  surface 
and  propagated  through  the  ti.ssuc  and  what  percentage  is  reflected  (4).  At  100  c.p.s.  a  small  area  of  the 
forehead  or  of  soft  tissue  absorbs  only  about  2  percent  of  the  incident  sound  energy.  At  higiier  frequencies 
a  still  smaller  percentage  is  absorbed.  Only  the  specialized  structure  of  the  ear  allows  a  small  area  of 
the  body  surface,  the  tympanic  membrane,  to  ab.sorb  much  more  energy,  for  example,  at  lOOO  c.p.s.:  50  to 
80  percent.  'I'his  is  achieveil  by  the  middle  ear  transformer  action,  which  niatchc.s  the  tissue  structures 
of  the  inner  ear  to  the  characteristic  impedance  of  air. 


L'llraaonic  Vibrations.  -  .'\l)ove  several  liniulrcd  kc.p.s.  in  the  ultrasound  r.inge,  most  of  the,  vibratory 
energy  is  firopngatc<l  throiigb  tissue  in  tlie  form  of  tomprcssional  w.ives  and  geometrical  acoustics  offers 
a  good  apfirox imation  for  tbe  description  of  tlieir  (>ath.  Since  tbc  tissue  dimcnsioii.s  under  consideration 
are  almost  always  large  comp.ired  witb  tbe  wavclciigtb  (about  1  ,.5  iiini.  at  1  mc.p.s.)  tlic  tiieclianical  imped¬ 
ance  of  tbe  tissue  is  c((ual  to  tbc  cliar.ulcrislic  iiiipediince ,  i.e,,  sound  velocity  times  density.  This  value 
for  soft  tissue  differs  only  sligbllv  from  the  cliaraeteristic  impedance  of  water  (49).  I'he  most  important 
factor  id  this  fre(|iien(:v  range  is  llii‘  tissue  viscosity,  wbicli  brings  .iboiit.  .i,",  increasing  energy  absorption 
with  increasing  fre(|ucncy  (IB).  At  very  high  Ireqneiicics  this  viscosity  also  generates  shear  waves  at  the 
boundaries  of  the  medium,  at  the  boundary  of  tbe  ac'iiisli(  be.ons,  ami  irj  tbe  areas  of  wave  transition  to 
niediii  with  somewbiit  different  roust. iiits,  (e.g.,  bouiitbirv  iniisele  to  fat  tissue,  or  soft  tissue  to  bone).  These 
shear  waves  are  attenuated  so  rapidly  that  Uiey  .ire  of  no  iui|H>rlaiice  for  energy  transport  but  are  noticeable 
as  inereased  loc.il  ah.sorp! ion ,  i.o..  Iie.iling. 


h'rom  .51)0  kc.[).s.  to  111  mc.p.s.  tin'  alli'iinalion  coeflicienl  di'scrihing  the  decrease  of  the  .sound  intensity 
in  a  plane  iilti’.'isound  wave,  is  oulv  in  f.ur  .rgreeiioml  with  the  v.ilnc'  our*  would  calculate  frmn  the  tissue  vi.s- 
r.-osily  me.isureil  in  the  .iudio-fre.pii  iiev  range  (l.ihli-  2),  l  lii-  li.ssiii-  licviutes  ill  this  frequency  range  from  the 
behavior  of  a  medium  with  i  oust. ml  visr  o.sily.  In  figure  18  .I'lleuii.ilion  coefficients  measure  1  in  different 
types  of  tissue  .irc  summarized  ('(O.AO).  ('iiuiis  graph  .i  slope  eonstaat  (where  f  is  the  frequency) 

woulil  be  indiealive  of  i  hissieal  viseoiis  alisorplion  with  conste.iil  shear  vi.scosily.  A  snialle.r  slope,  or  a 
change  in  slope,  inJie.-Ues  a  eiiaiige  in  viseosilv  with  freipieuey  (relaxation  phenomenon).  The  graph  gives 
only  a  few  ex.imples  and  typical  faiiclioiis  from  a  large  body  of  atlcaiiatiou  data  available.  The  absorption 
of  most  soft  tissues  is  in  the  ruiige  from  0..5  to  2  db  •  eiii.  me .[>. s .  !'he  order  of  inereasing  absorption  is: 
brain  tissue,  liver  tissue,  sliialed  unisele,  .smooth  nnisele,  kidney,  skin  and  tendon.  Hone  loos  the  highe,st 
value  with  approximately  10  db,-  eno  Tlie  iillra.sonic  ub.sorplion  coefficient  depends  very  much  on  the  struc¬ 
tural  features  of  tire  tissue  and  miglil  well  aid  in  olilainiiig  a  clearer  quantitative  picture  of  the  mechanical 
structure  of  cells.  Interesting  In  this  respeet  are  the  ueoiistic  niiistropics,  i.e.,  cases  where  attenuation, 
depends  on  the  direction  of  propagation:  fiber  anistropy  has  been  found  in  the  collinear  fibers  of  striated 
muscle  (fig.  18)  and  layer  anistropy  can  occur  in  slruclnrr.s  consisting  of  parallel  layers  of  different  tissue 
types  .such  as  in  tlie  aloloniinal  wall. 
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Kigure  IB.  -  Approximate  values  of  high  frequency 
■sound  attenuation  in  various  tissues  [after  (Goldman 
and  llueter  (49),  Dussik  et  al.  (50)]. 
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MI-.CliWICM.  i)\T.\  I- iK  Al  ,siin(,K  l-OilCKS 

.At  lli(‘  [ir('s('nl  lilac,  very  little  in  tin-  u.iv  nf  inin.cric.il  <(.ila  on  uiculianica!  characteristics  is  available 
from  studies  on  sIok  k  or  ia  p.icl  fur<  cs.  So.'ac  cvi.b^ncc  of  rcsoiKmccs  Inis  been  noted  (51)  but  much  of 
till  .s  is  h(‘lt('r  olitaiiH’d  from  vihialion  shidios.  |  }ir  .ippl  leal  ion  of  nKri'liiinica)  liala  which  has  been  obtained 
from  slmlic.-.  on  viiiralion  (o  i»i  .-.lun  k  .ind  in»j»a'.  I  \sill  hr  ilisi  nsscil  in  the  H(“Ction  on  ineL'Iianical 

damage.  .Mechanic. il  response's  to  slunk  and  impui  arc.  in  uc-iirral.  rvlrenicly  liifficiilt  to  analyze  nuiner- 
icallv  for  basic  hods  cli.nacln  i -.i irs. 

i;n  i-:(:rs  oi  shock  \m)  \ iiiic\ nox 

Idle  iiiotion.s  aiui  stresses  resnlliiif;  from  the  .ipplication  of  mechanical  forces  to  the  human  body  have 
si;v(‘ral  p«)s.sibl(!  <rffc(  Is;  1)  the  iin»li<ni  iiiav  inlerfore  din-ctiv  sviiii  physicMl  activity;  2)  tlicre  may  be  me¬ 
chanical  damage  o."*  destruction;  ami  .'»)  there  ma'-  1»«  'secondary  effects  which  operati?  ifirougli  biological 
rcct^plors  and  transfer  iiu'Ldjanisins  .md  prioliice  idi.inges  in  the  organism  including  subjective  plieiioincrm. 
d’hcrniul  and  chemical  effects  art*  iiru ominori . 

M pchanicdl  hUi'rfrrrncr.  -  The  rel.it ionsliips  lielvveeii  applied  forces  and  the  motion  of  the  body  and  its 
purt.s  liav(!  been  di.scus.sed  above.  I’liere  are  many  ways  indeed  in  which  the  forces  can  l)e  applied  and  the 
body  it.scli  can  take  on  many  allitudes.  Certain  types  of  <]i.sjdaceni(ml,  velocity  or  acceleration,  if  of  suf¬ 
ficient  magnitude,  can  be  very  disturbing  to  sensory  and  neuromuscular  aetivilie.s  such  us  reading  instru¬ 
ments  or  making  fine  adjustments  of  controls  or  of  the  jiosition  of  the  boily  arul  its  parts.  In  particular, 
sjicech  communication  may  be  rendcriMl  <lifficu!l.  Very  little  is  known  about  liow  much  of  what  kind  of 
motion  interferes  wtlfi  particular  activities.  Further,  such  information,  when  available,  has  meaning  only 
ill  terms  of  tolerances  jicrmitlcd  for  the  activities  in  question,  b'or  example,  the  disturbance  of  visual  acuity 
arising  from  body  vibration  is  not  only  frequency  dependent  (36)  (fig.  19)  but  may  be  expected  to  be  roughly 
proportional  to  the  ampliludc  of  the  vibration  and  may  be  dealt  with  by  clianging  the  frequency,  re¬ 
ducing  the  amplitude  or  by  decrea.sing  the  acuity  required  for  tiie  given  task.  Mechanical  motion  resulting 
from  occa.sional  shocks  will  not  be  expected  to  interfere  directly  with  most  tasks  unless  timed  critically  with 
respect  to  aomc  operation  or  unlcs.s  repealed  at  very  short  intervals.  Such  interference  with  task  porfonuance 
as  does  arise  from  shocks  is  more  apt  to  be  llic  result  of  biological  responses  or  of  actual  damage. 
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Figure  19.  -  Decrease  of  visual  acuity  of 
observers  standing  on  vibrating  platfonn  [after 
Coermann  (36)].  Knch  curve  represents  a  dif¬ 
ferent  subject. 
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Mechanirat  fhwia^',*’.  -  f)f  the  many  kinds  and  degrees  of  inecltanical  ilaniage  to  die  hiiiiian  body  arising 
from  the  ap[dicalion  of  mcelianical  forces,  certain  kimis  have  Ixreii  singled  out  for  allenlion  and  slmiy  be- 
fiinse  they  are  particularly  cimminh,  dangt^mus  or  disturbing  in  .some  special  way.  Amnog  those,  short  of 
actual  doslriiclion,  arc  hone  fracture.  lung  damagf,  injury  to  llu‘  inner  wall  rjf  the  intestine,  brain  injury, 
cardiac  <lainage,  car  damage,  l<*ariiig  or  <  riishing  of  soft  tissues,  and  certain  special  types  of  chronic  in¬ 
jury  such  as  tendon  or  jnini  strains  an<(  the  “while  finger”  svndiotne  of  vibrating  tool  operators.  These 
will  he.  considered  in  detail  later  on. 

liiuldf^iral  R  r  spons  r  s .  -  Mechanic, il  stresses  .uni  motions  may  stimulate  various  riM*eptor  organs  in  the 
skin  and  Lds<*wliere  or  mav  exa  ile  parts  of  the  nr:rvous  svsU-ui  tlirer-tly.  Tlar  rtrsnll  may  be  reflex  activity 
or  jtHalificalion  nf  it,  1  he  slinmli  initiate  nervous  system  and  hormonal  aelivilv  which  ba.s  a  marked  modi¬ 
fying  action  on  many  mclaholic  pro(a’S5;es  relating  to  fo<»d  assimilation,  tmiscular  activity,  reproductive 
activity,  etc.  1  larse  changes  are  ilifficull  to  measure  and  corrcdale  and  stuuu  to  differ  in  different- 

species,  at  least  in  degree.  \e  verlhe  le.ss,  considerahii*  imlirect  (evidence  exists  for  tlu?  reality  of  these 
response  patterns  and  il  is  generally  agr^'cd  that  the  lu'oad  jiiclure  arrived  at  from  animal  experimentation 
applies  to  man.  l'.xpiKsur«  to  inechtinical  birces,  when  of  grciit  enough  extent  and  duration,  must  certainly 
a.ssurnc  part  of  thf?  res[)ou.sibililv  for  plnmomena  such  as  fatigue,  changes  in  work  capacity,  ability  to  main¬ 
tain  attenti V(Mie.s.s,  etc.  In  response  to  acute  sliimilation,  excitation  of  brain  centers  may  [irodiice  emotion¬ 
al  reaftion.s  such  as  fear  i»r  un[deasatit.ness  and  lead  to  automatic  or  dehberale  compensatory  or  protective 
behavior. 

KKKhXrrS  OK  Ml-TdlAMCAl,  VlOllATION 

M cchnnicdl  PanKip^r  is  prodiic«*d  when  the  ac-celerative  forces  are  high  enough.  However,  il  is  obvious 
that  ex[)erinienlal  data  can  only  be  t>l)laine<l  Itjuu  work  on  animahs  and  that  the  results  must  be  handled  very 
carefully  in  extending  tlieni  to  humans.  Miue  (.S3),  rats  (r>4),  and  cats  (.S.'“i,rj6)  have  been  killed  by  exposure  to 
vibration.  I  here  is  a  rlcfinite  frequency  tIepende.iiL-e  of  the  lethal  accelerations  which  coincides  witli  the 
resonant  displaccinenl  of  the  vi.sccral  organs,  hut  wliich  has  brim  only  partly  established.  Mice  are  killed 


at  10  to  20g  within  a  few  minutes  in  the  riinge  15  to  25  c.p.s.;  above  and  below  this  frequency  range,  the 
survival  time  is  longer.  Rats  and  cats  are  likewise  killed  within  .5  to  30  minutes  at  accelerations  above 
about  lOg  but  the  frequency  dependence  has  not  been  worked  out.  Post-mortem  examination  of  these  ani¬ 
mals  usually  shows  lung  damage,  often  heart  damage,  and  occasionally  brain  injury.  The  injuries  to  heart 
aqd  lungs  probably  result  from  the  beating  of  these  organs  against  each  other  and  against  the  rib  cage.  The 
brain  injury,  which  is  a  superficial  hemorrhage,  is  not  yet  interpretahle  in  definite  terms;  it  may  be  due  to 
relative  motion  of  the  brain  within  the  skull,  to  mechanical  action  involving  the  blood  vessels  or  sinuses 
directly  or  to  secondary  mechanical  effects.  Tearing  of  intra-abdominal  membranes  is  rarely  seen.  Expo¬ 
sure  for  several  minutes  to  peak  acceleration  nf  about  5g  often  produces  heart  damage  as  indicated  by 
delayed  changes  in  the  electrocardiogram  (.56).  An  increase  in  body  temperature  is  found  on  exposure  to 
vibration.  Since  this  occurs  also  in  dead  animals  it  is  probably  mechanical  in  origin.  Calculations  of 
heat  absorption  based  on  body  impedance  data  suggest  that  appreciable  heat  can  be  generated  at  large 
amplitudes.  Exposure  of  monkeys  to  .5g  at  10  and  20  c.p.s.  for  several  hours  seems  to  produce  some  dam¬ 
age  to  the  vestibular  system  but  these  findings  require  confirmation  (57).  Observations  on  man  (58)  have 
been  made  in  a  few  instances  and  indicate  that  above  about  3g,  sharp  pain  in  the  chest  may  occur.  Traces 
of  blood  have  occasionally  been  Found  in  the  feces  after  exposure  tn  6g  nt  20  to  25  c.p.s.  for  about  1.5  min¬ 
utes.  This  suggests  meclianical  duinage  to  the  intestine  or  rectum. 


It  is  clear  that  several  of  the  phenomena  found  in  animals  uiust  al.so  he  possible  in  humans.  Mechanical 
damage  to  heart  and  lungs,  injury  to  the  brain,  tearing  of  membranes  in  the  abdominal  and  chest  cavities, 
as  well  as  (ho  above  mentioned  iiitoslinal  injury— all  lliese  .scorn  possible.  So  also  does  the  heating  of  the 
body  when  shaken.  1  biforlunatcly  acccicration-frcquciicy  curves  for  tlicse  effects  have  not  been  established, 
lleeause  of  the  relatively  greater  visceral  masses  of  the  human,  the  minima  of  such  curves,  which  would 
correspond  to  resonance  rang(!s,  must  occur  at  relatively  lower  fre(|uencies  than  in  small  animals.  As  to 
wlielhcr  the  amplitudes  reijuired  may  bo  larger  or  smaller  than  in  animals,  it  is  not  yet  possible  to  say.  Sub¬ 
jective  symptoms  soeli  as  the  occurrence  of  chest  pain  after  exposure  to  3g  (table  3)  may  or  may  not  be  sig¬ 
nificant  althougli  froui  the  |ioint  of  view  of  safely  they  must  be  taken  seriously  until  more  is  known  about 
the  details  of  the  proees.ses  involved. 

'('able  .1.  ((ril'Ttii  of 'rt>leraii<-e  f<,r  Sliorl  (■(xposure  to  Vertical  Vilrratiou 
I  Kroei  /.i l•gellrueekl•^  ami  Magid  (74),  see  figure  21 1 
i-.iieli  (irttss  Imlieales  a  f)e<-ide(i  (iomuK'nl  frotn  a  iluni.m  ,Sul)jeel  as  to  llis  fixperieneing  tlie 

Sj'iiiptoin  l.lr.ted. 
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Chronic  injuries  may  be  produced  by  vibration  exposure  of  long  duration  at  levels  which  produce  no  ap¬ 
parent  acute  effects.  In  practice  such  effects  are  usually  found  after  exposure  to  repeated  blows  or  to  ran¬ 
dom  jolts  rather  than  to  sinusoidal  motion.  When  such  shocks  or  blows  are  applied  to  the  human  body  at 
relatively  short  intervals,  the  relation  of  the  interval  to  tissue  response  times  becomes  very  important.  Ex¬ 
posure  to  such  forces  frequently  occurs  in  connection  with  the  riding  of  vehicles.  Buffeting  in  aircraft  or 
in  high  speed  sinull  craft  on  the  water,  and  shaking  in  heavy  vehicles  on  rough  surfaces,  give  rise  to  irregu¬ 
lar  jolting  motion.  Acute  injuries  from  exposure  to  these  situations  are  rare  but  complaints  of  discomfort 
and  chronic  minor  injury  are  common.  Truck  and  tractor  drivers  often  have  sacro-iliac  strain.  Minor  kidney 
injuries  are  occasionally  suspected  and,  rarely,  traces  of  blood  may  appear  in  the  urine.  The  length  of  ex¬ 
posure  and  the  details  of  the  ways  in  which  the  body  is  supported  play  an  important  role. 

Chronic  injuries  are  also  produced  by  localised  vibration.  A  classical  example  of  this  is  the  pain  and 
numbing  of  the  fingers  on  exposure  to  cold  which  affects  many  people  after  several  months  of  using  such 
equipment  as  pneumatic  hnnimers  and  drills  or  hand-held  grinders  or  polishers.  The  heavier,  slow  moving 
devices  appear  to  produce  more  .severe  joiting.  There  is  an  extensive  clinical  literature  on  this  subject 
(,n9)  but  little  known  of  the  iirechanisin  of  the  injury  nr  of  the  actual  force.s  responsible  although  many  high 
frequency  components  may  be  present  (.11).  Tlic  repeiilcd  insults  to  the  tissue.s  seem  gradually  to  affect 
the  capillaries  arnl  ilicir  nerve  supply.  Injuries  rcsc.nbling  this  have  been  produced  in  the  feet  of  rats  ex¬ 
posed  to  CiO  c.p..s.  at  8  to  9g  for  10  li>  1 '.2  hours  per  day  up  to  about  1000  hours  (60). 

I’hysiologiriil  A’c.spon.re.r  have  been  stinlicil  very  little.  Hats  exposed  for  10  to  40  minutes  a  day  for 
several  months  to  about  Lag  at  12..'j  c.p.s.  '(ppear  to  show  minor  behavior  ahnormulities  (61).  The  adrenal 
glands  of  rats  show  a  rapid  fall  in  ascorbic  acid  content  on  exposure  to  accelerative  levels  of  a  few  tenths 
of  n  {'  unit  .0  o  to  10  c.p.s.  (62),  atnl  cliangr,-;  in  the  reproductive  cycle  and  growth  have  heel)  observed  in 
rabbits  exposed  to  viliral iem  .for  several  days  !()4).  (ihanges  in  respiration,  heart  activity  and  peripheral 
circulation  have  been  (d).scrvcd  in  both  men  and  animals  as  iminediatr  and  possibly  transient  responses  to 
moclenite  vibration.  Tiicse  results  iiulicatc  the  nceil  for  (urthcr  study,  (iertain  postural  reflexes  appear  to 
be  inhibited  by  vilirntory  motion  (6t,6.o). 

SuijfcCivr  A’f  xpon.s'c.s-  to  vilir.ition  incluile  perception,  fcidings  of  d iscninforl,  ufiprehension  and  pain. 

•Since  acceleration,  frcqui'iicv ,  iiioile  of  applicitiou,  diir.ttion  .ind  tlic  silnalioii  of  tht^  subject  lue  all  involved, 
it  is  cxcccclin/Hy  diflicuit  lo  fin. I  simiilc  ticlinilivc  w.iy.s  of  ch.ir.i clcri /•  I iig  results.  I'iarly  workers  in  tliis 
ficlil  ((>6-71)  cooccrocd  theiiisidv<’s  w  ith  wholc-ho.lv  c’xposiirc  aiidcr  coiid it  ions  which  were  believed  to  be 
of  practic.il  iiilcrcsi..  I  he  rcsiiUs  which  thev  ohl.iincij  were  rougii  .imi  ready  and  ificrc  ,i|ipc.irs  lo  have  been 
little  control  of  sub j itI i s c  f.iclors.  (>cner.illv  ihi'ic  arc  three  ,i|i|i,irciitU  siinpli-  criteria:  the  tliresliold-s  of 

|icrce(itiou,  of  oiipleasaotliess,  .md  ol  . . .  file  two  latter  ore  liiffieiilt  to  identify  and  reproihiee  al- 

thoogh  agrirernent  to  within  .i  factor  of  .ih..:il  .1  ii.is  lici-ii  <d)t. lined.  \  eoni|ii  lotion  of  these  results  based  on 
exposures  of  about  "  to  20  oiliiiites  is  given  in  figure  20  (72).  I'or  longer  !;x|iosure.s,  data  are  limited.  .Some 
information  has  been  ohlaineii  ,,ii  riaiiforl  .iiid  toler.inee  hvels  for  aircraft  pilot.s  (7.1).  Very  long  nx|!osure 
to  vibration  imii  h  above  the  level  of  pereeptioii  srenis  to  he  Irritating  and  (atiguing. 

I'or  sIkm'I  exposures,  less  tli.in  .4  niiiiiiles.  ,i  .study  has  been  carried  oat  in  the  fre(|Ueiicy  range  1  to  l.S 
c.p.s.  (74).  Suhjeel.s  were  exposed  lo  a  specified  leecleratioii  until  they  could  no  longer  tolerate  it.  I'licy 
were  then  asked  for  their  reactions  ami  wlial  their  specific  reason  was  for  asking  to  he  released.  Table  3 
shows  a  distrihalioa  of  the  major  reasons  for  catli  of  the  frei|ue[u  ie.s  lea-d.  lividently  no  .single  eriterion 
of  tol  (iTiinco  Wiis  allliou^^h  suiiu-  muiUoiis  werr  iiuum)  toinrnotj  lliiiti  othtrs.  I  lu;  estimated  limits  of 

tolerance  for  .short  cxi)o.suri’.s  actM)r«lin^  to  llinsc  criliTia  arc  ^iven  i.M  fi^ire  21. 

An  interpretation  of  .i^celinp^.s  of  fliscoinfurl  ati<l  apprclicnsioii  arising  from  exposure  lo  vibration  can  be 
based  on  the  idcfi  that  vibrati«ui  of  certain  orf^an.s  pn»<luces  nervous  sy.stcm  excitation  directly  responsible 
for  the.se  feelings.  If  one  then  were  to  apply  l<)  llie  lindy  a  vif^ra.tory  excitation  of  a  specified  frefjUCJicy  and 
ani[>liLudc,  one  could  knowiuf^  the  nieciianiciil  cliaraeleristics  of  the  body  iuid  its  |)firls,  esliniatf?  the  resi)onse 
of  the  organs  of  interest  and  liius  eslahlish  a  hiisi.s  for  rational  tolerance  limits.  Where  larf^e  visceral  masses 
are  involved,  there  is  already  some  infonnalimi  available  from  which  such  (.•iilculalioiis  can  be  nutde.  However, 
the  detailed  a[iplii;atu)n  of  this  principle  rerpiires  more  datii  than  are  now  at  Innul. 
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Figure  Ul-  Avrragt*  peak  accelr-ralion  at  various  fre¬ 
quencies  at  wliicli  sul.*j<'rls  refuse  <0  tolerate  fuiitx'r  a 
short  exposure  to  vertical  vihration.  'I’he  figures  ahove 
the  abscissa  iiiilicaie  thr  exposure  lime  in  secon«|j;  at 
the  corrospon<lin«'  frequency.  Th<’  shailetl  area  has  a 
width  of  one  standard  deviation  on  elilier  side  of  the 
menu  (10  subjects)  { frcuti  /legenrnei  ker  and  Magitl 
(74)]. 


Figure  20.  -  Average  peak  accelerations  at  various  fre¬ 
quencies  at  which  subjects  perceive  vibration  ([),  find  it 
unpleasant  (II),  or  refuse  to  tolerate  it  further  (III).  Expo¬ 
sures  of  5  to  20  minutes.  Shaded  areas  are  nbout  one  stan-. 
dard  deviation  on  either  side  of  mean.  Data  averaged  from 
seven  sources  [from  Goldman  (72)]. 


KKKKC'I'S  OF  MKCIIA.MCAI,  SHOCK 

Mechanical  shock  includes  several  types  of  force  application  which  havii  sitiiilar,  though  not  identical, 
cffect.s.  Fxplo.sioris,  ex|)losive  compression  <»r  decompression,  impacts  and  blows  from  rapid  changes  in 
body  velocity  or  from  moving  oijjects  produce  shock  forces  of  importance.  Major  damage,  short  of  complete 
tissue  destruction,  is  usually  to  lungs,  intestines,  heart  or  brain.  I)i fferen ce-s  in  injury  patterns  arise  from 
differences  in  rates  of  loading,  peak  force,  Juration,  localization  of  forces,  etc. 

Blast  and  Bhock  ^'aves  (5,17,75,110).  'I’he  mechanical  effects  associated  with  rapid  changes  in  environ¬ 
mental  pressure  are  primarily  localized  to  the  vicinity  of  air-fillpJ  cavities  in  the  body,  i.e.,  the  lungs  and 
the  air-containing  gastrfi-intcstinal  tract.  Heavy  masses  of  blood  or  tissue  border  here  on  light  masses  of 
air  and  llie  local  impedance  mismatch  enn  lead  to  destructive  relative  tissue  displucenieiit  by  several  dif¬ 
ferent  mechanisms.  Starling  with  very  slow  differcnliul  pressure  changes,  of  approximately  1-second  dura¬ 
tion  or  longer,  dynamic  mechanical  effects  are  unimportant;  the  static  pressure  is  responsible  for  destructive 
mechanical  stres.s  or  physiological  response.  Such  pressure  time  functions  occur  with  the  explosive  decom¬ 
pression  o.f  pressurized  aircraft  cabins  at  high  altitude  and  with  the  slow  response  of  well  sealed 


shelters  to  bliist  waves.  If  the  pressure  rise  or  fall  times  are  shortened  (roughly  to  the  order  of  tenths  of 
seconds),  the  dynamic  response  of  the  different  resonating  systems  of  the  body  becomes  important,  in  par¬ 
ticular  the  thorax-abdomen  system  of  figure  14,  but  now  with  the  force  applied  as  in  figure  22.  The  dynamic 


l  22.  *  !• 'Iff  lru  al  analogiK^  cimiil  of  aliflotnf'ni-frlif'Kl -mouth  systoiii  of  fi^iro  14, 

Uii  with  cxi  ilalloii  (K)  by  fiivinmiiu’nlal  prossiiro  chan^os.  (I  .oitfrinf'  as  in  fig.  14.) 


load  factor  of  the  sjiocific  blast  disttirbance  untler  consi Jeratifin  df^lerniinos  the  re.spon.se.  The  nieager  data 
on  the  effect  of  known  bbist  loails  on  man  and  aniiiuilK  do  not  permit  evaluation  iind  recognition  of  the  dif¬ 
ferent  responsive  systems  and  tlic  biologically  ino.sl  offcctivo  pressure  lime  curve,  i.a.,  the  one  with  the 
niiniinuiM  peak  prosaare,  Avttilable  dat.i  hir  single  pulse,  insUinlaiicmisly  rising  pressures  point  towards 
the  existence  of  .stieli  a  niiniiiiiiin  wliieli  corresponds  to  nalurii!  frf*'piencie.s  ftir  dogs  of  between  10  and  2.'S 
c.p.s.  (17);  for  Iniinaiis  this  freqiieiiev  woiild  lie  lowtrr.  i'or  prcssurt:s  with  lota!  durations  of  iiiilli.sciconds 
or  less  and  naicli  shorter  rise  iiiines  (tinralioii  of  wave  sln)rl  cttnipared  willi  the  iidliiral  pf'riod  of  the  res[M)iid“ 
ing  tissue)  llic  effect  a«i*l  d<  .slrurlion  seems  |o  dcpeml  primarllv  on  the  iiioM.f'nlum  f>f  llic  shock  wave.  The 
ni.iss  III  of  ail  oseillalorv  .sv.->tefii  ioeal<Mi  in  ri  w.ili  nr  lindv  .surface  slrni  k  hv  ii  .shock  wave  will  be  set  into 
iiiotion  according  l<i  the  rc|.ili«jn:  J  j’j.dt  inv,,  with  reflected  pr(*ssme  at  body  surface!,  t  ^  Lime  and 

initial  velorily.  I’Apcriiiieulal  falalily  curves  on  .inimals  (7)}  gciierallv  show  this  <h^peiiden cc  on  ino- 
inciituin  for  short  pressure  |dieii(niH'na  (close  to  eeiilcr  tif  «i ctoiia t i on )  ami  the  liMiisilion  to  ii  dcfiendcnce 
on  [)eak  pressure  for  pheii«)ineiia  of  long  diir.ilioii  (far  ;i\vav  from  ccnlcr).  I'iitiil  blast  waves  in  iiir  ami  wjiler, 
for  e.Xiunple,  d!ffi?r  widclv  in  pc.ik  pressure  and  <iuralioii  (in  air  If)  :Uin.  in  excc.ss  of  atmospheric  jirc.s.sure 
with  a  duration  of  2.H  milliscc..  in  water  i.i.a  aim.  in  excess  witli  a  duraiiou  oi  (i.l7  inillisec.)  but  llinii  ino- 
nienta  are  similar.  In  this  most  importanl  range  of  slioil  duration  blasts  the  inccliaiiical  effects  arc  local¬ 
ized  due  to  llie  short  duralinii,  i.e.,  the  high  frc'iueiicv  coiilcnl  of  the  \vav(!.  The  iippc^r  respiratory  tract 
and  lironchial  tree,  as  well  .is  the  tlior.ix  .iiid  alidoinen  svstmn  an?  too  large  and  havi?  loo  low  resonating 
frequencies  to  la?  e.xcilcd;  tli(?r(?  is  no  general  coiiiprc'ssion  or  o vcrexpansioii  of  the  thorax,  vvfiicli  leads 
t(j  |Ui|iiionary  injury  as  in  exph^sive?  ilei-oinpr<?.ssioii.  The  blast  waves  go  directly  ihrougli  the  thoracic  wail 
jirodiicing  an  impact  or  grazing  blow.  Insidr?  tin?  tissue  Idasl  injury  has  tliree  jiussiblc  causes:  1)  spalling 
effects,  i.(?.,  injuries  caused  by  the  tensile  str(?ssc?s  arising  from  llu?  reflection  of  the  shock  wave  at  die 
boundary  between  media  with  different  propagation  v(?locily  UHr  exmiiple  subpleural  [lulinonary  hemorrhages 
along  the  ribs);  2)  inertia  effects  which  lead  to  different  ac<elpration.s  of  ailjncenl  tis.sups  with  various 
densities,  when  tlu?  sliock  wave  passes  siniullaneously  through  llicse  media;  3)  implosion  of  gas  bubbles 
enclosed  in  a  liquid,  riiese  fdieiionieiia  are  similar  to  the  observations  made  with  high  velocity  niis.siles 
psissing  through  wali?r  near  air-containing  lis.sues  (70, 77).  d’lie  shock  waves  may  produce  not  only  pulmo¬ 
nary  injuries  hut  also  hard,  sliarply  circiiiiiscrilied  blows  to  the?  heart. 

Of  the  injuries  produced  hy  expo.surc  to  high-explosive  blast  lung  hemorrhage  is  one  of  the  most  common. 
U  may  not  of  itself  lie  fatal,  .since  enough  functional  lung  tis.sue  may  easily  remain  to  jiormit  marginal  gas 
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exchange.  However,  the  rupture  of  the  capillaries  in  the  lung  produces  bleeding  into  the  alveoli  and  tissue 
spaces  which  can  seriously  hamper  respiratory  activity  or  produce  various  respiratory  and  cardiac  reflexes. 
The  heart  rate  is  often  very  slow  after  a  blast  injury.  Leakage  of  fluid  tlirough  moderately  injured  but  not 
ruptured  capillaries  may  occur.  There  is  also  the  possibility  that  air  may  enter  the  circulation  to  form 
bubbles  or  emboli  and  by  reaching  critical  regions  may  impair  fatally  the  heart  or  brain  circulation,  or  pro¬ 
duce  secondary  damage  to  other  organs  (5).  Fat  emboli  may  also  be  formed  and  these,  too,  are  capable  of 
blocking  vessels  .supplying  vital  parts.  When  gas  pockets  arc  present  in  the  intestines,  the  shock  may 
produce  hemorrhage  and  in  extreme  cases  lupture  the  intestinal  wall  itself. 

. The  effects  of  underwater  shock  waves  on  man  and  animals  are  in  general  of  the  same  kind  as  those  pro¬ 
duced  by  air  blast.  Differences  which  appear  are  those  of  ii.agriitiide  and  often  depend  on  the  mode  of  ex¬ 
posure  of  the  body.  A  person  in  the  water  may,  for  example,  be  submerged  from  the  waist  down  only,  in 
which  case  damage  is  practically  confined  to  the  lower  half  of  the  body  and  intestinal,  rather  than  lung 
damage,  would  occur  (79). 

(loiicussion  ilainagc  to  the  heart  itself  is  stated  to  be  very  rare  but  direct  mcch.anical  injury  to  the  heart 
iiiu.scle  and  cniulucting  ineclianistii  is  certainly  possible,  ('.erebral  concussion  resulting  directly  from  expo¬ 
sure  to  shock  waves  is  unusual.  Neurological  svinploiiis  foiloiviiig  cx|)osure  to  bla.st  may  however  include 
general  depression  of  nervous  a'  tivily  soiiu-liines  to  tlie  point  of  abolitioji  of  certain  reflexes.  Psychologi- 
c.il  clinnges  such  as  nioioory  distorliaiucs  and  abiiorniai  einotioiial  stotes  an;  someliinc.s  found.  In  extreme 
eases,  there  may  he  |air,ily.sis  or  tiiiistular  dysfiintlioo.  1  aieon.sciousnc.ss  and  subsequent  iirimcsia  for 
events  ioiinediatelv  preceding  the  injiirv  result  more  coiiinmni)  [nun  blows  to  the  head  than  from  air  blast. 
Hecovery  from  minor  eoiii  ussioii  may  .ipp.ireiilly  be  complete,  but  repciitcil  concussion  niay  produce  last¬ 
ing  dam.U'c 

The  e.ir  i.s  the  part  of  the  liiiinau  body  most  seiisitiva;  to  blast  injury,  linpturo  of  the  tympanic  membrane 
(I7.1i0),  and  injurs  to  llic  eiiuituc  I  ion  app.ir.itiis  e.in  ocior  singly  or  together  with  injury  to  tlic  hair  cells  in 
the  inner  e.ir  (dl).  The  two  first  ine.oi  joned  injiirii;s  ni.is  prolcil  the  inner  car  through  energy  dis.sipntion. 
rlie  degree  of  injurs  depeiuls  on  (he  fre-|urii<  S'  coiileot  of  the  blast  pressure  function.  I'he  furct  that  the 
e.ir's  grr  atesl  iru'ch.tu i <  .rl  sensitivity  is  helssecn  |."i(l(l  .inri  .'U)l)l)  e.p.s.  expl.iins  its  vu IlHsrahi I i ty  to  short 
rliiriition  Ijl.ist  isisi's.  Ih'.ik  pressures  of  otils  .r  fr’ss  pounds  prT  .square  iueh  e.iii  ru|>lurc  the  eardrum  anrl 
still  sm.iller  pre.-.siri'es  e.iti  .i.oo.igi-  the  eouiliicl  iiig  iiirM  li.ruisiii  oinl  lire  inner  r'.rr,  1  lirrre  .seen;  to  he  svide 
v.rri.ilious  in  i ii.l i s  i ilu.r  I  suseepl  ilii  Ills  loihr'se  injuries. 

/mput  /.s,  /i7or/s,  A’op;i/  lUri'l  irutiiin.  -  Ihrs  tspe  of  (orcr-  is  experieneeil  in  frills,  in  .nitooiohi  I  e  or  air- 
crufl  eriishes.  in  |i.ii .n  liiile  opeu  iiig-,,  in  se.ii  l•jel■|ions  for  ese.ioi'  fiiuii  high  spi'cil  militury  aircr.ifl  arul  in 
m.ins  otlus  sitii.itroos  snrl;  as  r  iTUiiii  sports,  iiilere.st  iti  lire  borls's  responses  to  thr'se  forctrs  centers  oii 
teeeh. Ill  1  (.1 1  stres.s  tiiiiils.  [he  injiirirs  sshirii  oei  iir  iii.-ist  often  .ire  hi’mses,  ti.ssue  crushing,  hone  fmctiire, 
rupture  Ilf  soft  tissues  .Old  ortMus.  and  r.uiei;...si.,ii,  \  hioi.se  is  <t  sujierficini  area  of  slight  t  ssne  d-tmage 
with  ruplure  of  the  siu.ill  hlood  vessels  .iiul  .1 1  riiiuii  j.il  i  on  of  hlooil  .mil  fluid  in  .iiid  around  the  injured  region 
It  is  esseo 1 1,1 1  Iv  a  i  riisliiiie  mjiirv  proiluerd  hv  t  oiiipressinii  of  the  tissues,  iisUrilly  hetween  the  im|)ingiiig 
solid  .luil  the  iiuderlv  iiig  hone,  ft  is  rxtieiiiely  riuiiiiinii  .tnii  is  readily  riqiairi'd  hv  the  body  It.^elf.  When 
the  lissui'  is  eoiiiplel  e  I V  .lest  roved  by  eriishing,  the  il.iiii.ige  is  usoally  irrep.irahle.  liiiiie  Iracturcs,  like 
hniises,  ri'quire  that  the  lorres  be  siislaiiieii  for  long  emiiigh  to  |iroilui  i'  appreciable  di.sj'lacenients  and 
properly  c om  enl r.it r.l  stresses. 

Vilieii  .ioft  tissues  .ire  displ.ireil  eoii.siderahle  ilist,iiiee.s  by  ap|iriipriale  fnrees,  so-callcu  internal  injurie.s 
i.i',,  ruiilnre  of  mcmhr.ines  or  organ  capsuli.s  may  lake  |ilaec.  Sneh  injuries  are,  in  practice,  more  often  |ini- 
iluceil  hv  fort  es  of  rel.it  ively  long  duratioii  an. I  .ire  usually  dangerous. 

I'..\pi'riiiient.s  li.ive  been  e.irried  out  in  vvhieli  .iniiiial.s  were  eiiibedded  in  plaster  casts  and  tben  dropped 
about  20  ft.  iiulii  a  metal  plate  wliiili  h.id  various  dcg!'e./s  of  ctisli i on ing.  In  this  case  the  deeelerulivc  iin- 
jiaet  was  well  disirihat  eil.  I'lie  degree  of  iiijurv  iiiere;i.s-il  with  the  acceleration.  I.nng  hemorrhage  and 
laceration  of  liver  and  .spleen  eap.siiles  were  inosl  eommoo.  Damage  to  the  diapliragr.i,  the  brain,  and  the 
hone  .structure  was  seen  vvlieii  the  deecleratiiiii  exeeedeil  ahonl  .oOOg  (veloi  itv  change  d-d  It  Her.)  (82). 


The  obvious  correlation  between  the  response  of  the  body  system  to  continuous  vibration  and  to  spike 
and  step-force  functions  has  not  until  recently  been  used  to  guide  and  interpret  experiments.  The  tissue 
areas  stressed  to  maximum  relative  displacement  at  die  various  frequencies  during  steady  state  excitation 
are  naturally  preferred  target  areas  for  injury  under  impact  load  if  the  force-time  functions  of  the  impacts 
have  appreciable  energy  in  these  frequency  bands,  i.e.,  if  the  impact  duration  is  of  the  same  order  of  mag¬ 
nitude  as  the  body’s  natural  periods.  If  the  impact  exposure  times  are  shorter,  stress  tolerance  limits  in¬ 
crease;  if  exposure  times  decrease  to  hundredths  or  thousandths  of  a  second,  the  response  will  become  more 
and  more  limited  and  localized  to  the  point  of  application  of  the  force  (blow).  Elastic  compression  or  injury 
will  depend  on  the  load  distribution  over  the  application  area,  i.e.,  the  pressure  to  which  tissues  are  sub¬ 
jected.  If  tissue  desfrisctibn  or  bone  fraclure  occur  close  to  the  area  of  applicatibh  of  the  force  these  will 
absorb  additional  energy,  protect  deeper  seated  tissues  by  reducing  the  peak  force  and  spreading  it  over  a 
longer  period  of  time.  An  example  is  tlie  fracture  of  foot  and  ankle  of  men  standing  on  the  deck  of  warships 
when  an  explosion  occurs  beneath.  The  support  may  be  thrown  upward  with  great  momentum  and  if  the  ve¬ 
locity  reaches  5  to  10  cm/sec.  focccleration  of  several  hundred  g)  fractures  occur  (83).  However,  the  energy 
absorption  by  the  fracture  protects  structures  higher  up. 

If  the  force  function.s  contain  extremely  high  fre<]ueneics  the  compression  effects  spread  from  the  area 
of  force  application  tliroughout  the  body  as  compression  waves.  If  these  are  of  sufficient  amplitude  they 
may  cause  considerable  lis.suo  di.srii|ilioii.  Such  compres.sion  wrives  are  observed  from  the  impact  of  high 
velocity  mis.siles. 

If  the  exposure  to  tlie  neceler.iting  forces  lasts  long  eiii>ut;h  for  the  whole  body  to  be  displaced,  exact 
measurement  of  the  force  applicul  to  the  body  and  of  the  ilii ctlioii  and  eoiiUitl  areas  of  application  become 
of  extreme  iniporlance.  In  studies  of  seal  ejection,  for  example,  kiiowledf'c  of  seat  aeeelrrration  alone  is 
not  sufficient  for  (ostiinaling  re.spoii.ses.  should  know  the  forci’s  in  iho.st'  .^Iruclui'es  or  restraining  liar- 

ncsse.s  thruugli  which  the  acceleration  force.s  are  transmitlnd.  'I'lie  location  of  the  center  of  gravity  of  the 
various  body  parts  like  .irnis,  head  and  upper  torso  must  lx-  known  over  the  lime  of  force  application  so 
that  the  resiitliiig  boily  motion  and  deformation  can  he  (.•xplaineil  and  influenced  for  protection  purposes.  In 
addition  to  the  primary  (ii spluctaiauils  of  liody  piirls  and  organs  tliirre  arc  secondary  forceri  from  decelerations 
if,  due  to  the  large  iiniplitudcs.  the  inolions  of  parts  of  lli<-  body  arc  st.-.ppeil  Kiiddeiily  by  hilling  other  body 
part.s.  I'.xampic.s  occur  in  linear  deceleration  ivlicrc,  depending  on  the  restraint,  the  head  may  be  thrown  for¬ 
ward  until  it  hits  the  clicsl  or.  if  only  a  lap  bell  i^.  used,  ..he  upper  to^^io  iii.iy  jackknife  .aid  the  chest  may 
hit  the  knees  l  iider  fielil  eonditions  there  is  alwavs  the  .uidilruial  possibility  that  tile  body  may  strike 
nearby  objects  thus  initialing  a  new  impael  .leeeler.ition  history. 

Longitudinal  a e ee ler.it ion .  -  I'he  study  of  pordtive  loiigilndlii.il  (loeidw .inl)  .ici  ider.ilion  of  short  duration 
i.s  closeL'  eoniiecled  with  the  dev elopniciil  ol  upvvor.i  ejection  se.ils  for  ese.ipe  from  iiirtTaft.  .Since  tlie  nec¬ 
essary  ejection  velocity  of  a  pprox  ini.itel  v  CiD  ft  .sec.  (!',l  mi  I !  isec. )  ,ind  avail. ilile  ilisluiicc  for  tlie  catapult 
guide  rails  of  .iboul  3  ft.  tl  millisec.)  .ire  diU enuiiieil  ov  llie  aircraft  vvitlioiil  mneli  leeway,  the  niiiiimiim  ac- 
ceieralioii  reiiniced  (step  [lioelioii)  would  he  .ippro\ iai.ile I)  bg.  .Since  llie  higli  jolt  of  llic  insl.irilancous  ac- 
celer.ition  increase  i.s  undesirable  because  of  llie  high  dynamic  load  f.ielor  of  this  lunclioii  for  the  frc'({Uenev 
rai.ge  of  tlie  Ixidy  le.sonanees  (eompare  with  fig.  ID),  slower  linild-up  of  the  neeelcralion  w'illi  higher  final 
acceleration  has  afipeareii  preferable.  Miiiiiiiiin:  dviiaiiiie  over.sliooling  i.s  acliieved  with  huibl-up  Limes  of 
ahnul  0.1  see.  and  total  force  limes  of  approximately  l).‘2  sec,  I'lie  predominant  oscillation  |icriods  observed 
during  such  ejeetion.s  are  helweeii  7  and  11  e.p.s,  Kecent  iriviisligation.s  show  that  the  body’s  ballistic  re¬ 
sponse  can  be  predicted  with  good  accuracy  by  iiieans  of  analogue  eomputalions  inoking  use  of  the  body’s 
continuous  frequency  re.sponse  ehuraeterislie  (81).  .Another  a.p|iriiiieh  has  substitute;!,  as  a  model  for  the 
seated  body,  a  homogeneous  elastic  rod,  one  end  of  whieli  i.s  free.  ;\ssuniing  a  wave  travel  time  from  the 
accelerated  end  to  the  free  end  of  0.02.0  sec.  (resonant  frequency  of  10  e.p.s.)  good  agreement  between  ex¬ 
perimental  transient  head  atceleralion  and  ihcorelical  earl  accelerations  of  the  rod  has  been  obtained  (B.'j). 
.Since  the  vertebrae  between  the  eiglilh  thoraeie  and  filth  liiinbnr  fraclure  .it  apprnxiiiialely  the  same  static 
load,  in  tJie  neighborhood  of  2.'>g,  the  tolerance  limit  of  20g  presently  generally  assumed  allows  for  miniinuni 
overshooting,  borceful  flexion  of  the  spine  and  neck  imisl  he  controlleil  by  either  positioning  or  protective 
haine.sses  (fig.  23). 
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LINE  OF  THRUST 


:!  i.  -  Al»pj!!M‘!l  I  !)J  sul)jf*(  l  foi  positivt?, 

vrriic.il  I  ;‘!«T;iiion  of  viliriiiion.  (N‘iitrr  of  griivilv  of 
lifinl  uimI  of  ImmIv  ,i1k>v(*  I'JjIi  ihoracii  vorlolirn  uro  inilioalrMl. 

In  iddlliori  i(,  fnrcrs  wliitli  niav  i»cml  (lie  iinpor  I'jrsn  tljorr  is  a  fijrnino  nuMiiunL  wiiiL*li  acts  on  th<^  pelvis 
eind  iiHTo.isi's  [iu‘  load  oti  {In*  siiico  llir  ronl.ioi  pojjil  vsiili  llir  scat  is  nol  in  lino  with  the  spino  (86). 

If  llir  (olri'.iii rr  liuiits  arr  rvrordr.l  spinal  frar  liirrs  of  llir  luiiih.ir  aini  llmracir  vrrit'brue  occur  firvSt:  nock 
ifijurirs  appairnlls  rc'juiir  roiis  idn  ahl  \  Iml’Iht  Irvris. 

k  or  vriln  al  ( rash  l<ia<ls  i{)  j.‘<  nrr.ii  tin*  saim*  j  onsidrrations  appN  as  disi  ussi'd  for  St'.iL  ojoclions.  al- 
tlioiii;li  no  (<)fUr»d  ovrf  llo*  hiiihl-np  tiiiu*  «•(  tin*  acto  l<*ra  I  ion  is  possible  iind  inoio*  .suddoil  orJSC'ts  iiiilsl  br 
rxprrlrd. 

I'  or  nr ^ali  VI'  ( l<ii  1  w  ai\l}  at  (cji' ra  I  ion  f  t|o>\  nu  ai'«(  r  jrt  I  ion  )  no  firm  poin!  for  ;ip[>  li  l  alion  i^f  t hr  ai  cr  I  urat- 
iii^  form  is  ariissiblo  as  lor  positi\r  at  i-i‘|rr.ii  ion .  If  iho  forrr  is  applirti  as  usual  {hroorfh  liarnrsi;  and 
bell  al  sliiMildiT  ami  proin  (U7),  flit*  inobililv  of  ibo  ‘^liouldor  p.lrdh-  If'^rtbrr  '.‘.itli  llir  rlaslirilv  of  l.lie  bells 
rr.sulls  in  ,i  lower  rrsoiiaiil  lrr'pn*nrv  (ii.in  ihr  one  tib.srrvrd  in  M[>ward  rjurtinn.  I'o  avoid  o  vtmsnotjl  i  np; 
wilfi  slandard  liarnesses  ibr  aerrleralion  rise'  linn*  nuisl  be  «it  least  O.la  s(*e.  Il  is  id>vi(»us  llial  this  type 
of  imp.irl  is  .lidr  lo  evcile  llo-  niiira\>  ibdoiin'ii  svsl<*in  (fip.  1  U;  the  diajjliraf'in  is  [uislird  upwards  by  the 
abdominal  viscera  .tiid  as  a  result  air  rushes  out  of  the  liiuf's  (if  tlie  glottis  is  open)  or  lii^li  pressures  de¬ 
velop  in  the  air  pus^m{:rs  (HH),  'loleranec  limits  for  i»e^alivr  aeeeieralion  are  probably  set  by  the  conij)res- 
sitjii  loail  tin  the  tliorac  ii  v'erl«‘br.ie,  wlneh  are  exposetl  to  llir  loatl  of  the  portion  of  the  bodv  below  the  chest. 
Iliis  load  on  tlie  vertebrae  is  nion*  (ban  f<»r  the  positive  at fclrratioti  case  due  to  ibe  greater  weight;  there¬ 
fore  a  loleranee  limit  lias  been  set  al  I8g.  Slioiildrr  accelerations  of  18g  have  been  tobu-ated  by  human 
subjects  without  injurv,  when  the  load  w.is  dividetl  brtweiui  hi[is  and  shouliiers. 

Iraiisverse  aceideratious.  -  Tlie  forward-facing  an<l  back w.ird-fru: iiig  seated  positions  are  most  freijuentlv 
exposed  lo  high  transvi  rse  eompon(*iit.s  of  crash  loads.  Human  tolerance  to  these  forces  has  liecii  studied 
extiMisivcdy  by  volunteer  li*.sts  on  linear  deceieralors  (9),  in  automobile  crashes  ( I  o)  aiul  by  the  analysis 
of  the  records  of  aecidenlal  falls  (89).  ’Tin;  results  indi(*ali‘  the  irnportanee  of  distributing  the  doceleralive 
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forces  or  Impact  over  as  wide  an  area  as  possible.  The  tolerable  levels  of  well  over  SOg  (lOOg  and  over 
for  falling  fiat  on  the  back  with  minor  injuries,  35  to  40g  for  0.05  sec.  voluntary  tolerance  seated  with 
restraining  harness)  are  probably  limited  by  injury  to  the  brain.  As  indication  that  the  latter  might  be 
sensitive  to  and  based  on  specific  dynamic  responses  is  the  fact  that  the  tolerance  limit  depends  strongly 
on  the  rise  time  of  the  acceleration,  hith  rise  times  around  0.1  sec.  (rate  of  change  of  acceleration  500 
g/aec.)  no  overshooting  of  head  and  chest  accelerations  is  observed,  whereas  faster  rise  times  of  around 
0.03  sec.  (1000  to  1400  g/sec.)  results  in  overshooting  of  chest  accelerations  of  30  percent  (acceleration 
front  to  back)  and  even  up  to  70  percent  (acceleration  back  to  front).  All  these  results  depend  critically 
on  the  harness  for  fixation  and  the  back  support  used  (9).  'Fbcse  dynamic  load  factors  indicate  a  natural 
period  of  the  hodv  system  between  10  and  20  c.p.s.  No  detailed  physical  studies  of  these  parameters  and 
of  the  ioiportance  of  the  thorax-abdomen  system  ,ire  aviiilahle.  Impact  of  the  heart  against  the.  cheat  wall 
is  another  possible  injury  discussed  and  noted  in  some  animal  experiments  (85,90). 

The  head  and  neck  supporting  structures  seem  to  be  relatively  tough  (9,15).  Injury  seems  to  occur  only 
upon  backward  flexinn  ami  extension  of  the  nec  k  (“V.Iiiplash”)  when  the  body  is  accelerated  from  back  to 
front  without  head  .support  as  is  common  In  rear-end  automobile  collisions. 

Hoad  iiiipiu'l.  -  Injuries  to  llic  head,  beyond  superficial  bruises  anil  lacerations,  usually  consi.st  of  con¬ 
cussion  or  fractui'c  of  ihe  .-.kiill.  Tlie  sym|>loins  produced  by  head  impact  range  from  pain  and  dizziness 
tlirnagli  disorient. ition  and  ilepri’ssion  of  fiinetion  to  uiicoiiscioiisncss  and  loss  of  memory  for  event.?  im- 
medialclv  [iroce  iiog  tlo'  Injurv  (79).  lie. id  injuries  usually  occur  from  lieavy  blows  by  solid  objects  to  the 
bead,  rather  lim  i  by  aceidcralive  forces  applied  to  the  body.  .Siiice  apfiroximalely  75  percent  of  airplane 
crash  Fatalities  have  been  founcl  to  result  from  he.oi  injuries  and  ihe  latter  an;  wllliout  tioubt  c-f  sindlur 
importance  in  many  other  tV(urs  of  aeeidciii  (atidelies,  etc.)  the  iTi.eehaniHin.s  leading  to  head  Injury  have 
been  the  object  of  .i  large  nuinlcer  of  investigations  (7.3,8f),91).  In  spite  of  dibs  there  is  .still  con.sidcrahle 
controversy  ovia  tiic  physical  meeh.aiisnis  lea.Iing  to  injury  and  most  of  the  iofornialion  applies  to  s|>eeific 
impact  situations.  I'hu.s  no  geaer.ilizcd.  'pi.inlil..itive  pieUire  of  the  inechaiiieid  reaction  of  the  head  to  the 
impact  forces  can  he  given  at  (ireseiil. 

Neck  response.  •  The  limitations  for  forward  .mil  lateral  heading  of  the  neet  are,  for  practical  purposes, 
the  anterior  elie'.^t  wall  anil  the  shoulders  resperl i vely.  Sinee  die  lieiid  is  almost  entirely  held  by  the  lie  ck 
muscles,  llic  .ihsciu c  tlu  ir  suj)|*orli ni'  ai-lion,  t'ivc-i  .uiy  Mow  {•',  llic  liciul  tir  nccL  .i  shirt.  *  Ns 

11  (■onscfjucncc  fi’.tcl  iirc.s  or  tli.slocal  ions  .irc  niori'  apt  i«-  resuU.  Disltxat  ion.^'  invoivin^  lli(‘  first  iiiul  secoiul 
v<Tlcl»riil  jnini.s  <U‘c  usmillv  Ics.s  sovcic  if  llic  oiloiiloit!  jiiiM  css  is  fi;iclnr«“«l  (less  tianmi'c  to  llic  spinal  coni). 
If  this  is  not  lJn’  ense  the  .spinal  i  oni  m.n  la*  severed  tir  cnislicd.  The  lallcr  is  the  {‘ssciiliii  1  iiicclianisiii  in 
the  «)f  criminalh;.  I  lu*  energy  rclr.isc  rc'juircil  for  this  is  aroiintl  1()(M)  f otil-pounds  ( 1  aO  kg.  na'lcrs). 

A.s  uriiiiial  c.xpcri/iifiWs  indicatiT,  d. linage  iloiic  In  the  ccrviiMl  <-ord  al  tin*  first  vcriclir.i  m.iv  al.so  [)iav  a  role 
in  t[i(?  f'lMicralifin  of  r  oncii'^sion.  wliirli  lias  so  f.ir  Im*cm  allnlailcd  priniiirilv  to  brain  il. unaf'o  (77). 

Mead  rt!.s[ionsc.  -  I'hc  rdasLic  rdicil  of  llic  .skull  is  filled  \%ilh  iutvc  tissue,  blood  and  cerebrospinal  fluid, 
wliic}i  have  about  llic  s.inic  licnsity.  '!‘lir  coinprrs.sibiliiy  of  llic  brain  subslaiu’c  is  very  small  (like  water), 
and  its  .slic.ar  iriodiiliis  is  very  low.  Ihc  visi  ositv  of  tbi.*  brain  tissue  is  around  20  dyne  sec  cm  The  re¬ 

action  of  the  [mad  to  a  bl<»SY  is  a  function  of  the  velocity,  duration  and  area  of  impact  and  the  transfer  of 
niomcnluni.  Near  llic  o'dnt  oi  application  of  llie  blow  tlie.re  will  lx;  an  indentation  of  the  skull.  Ibis  results 
in  sbear  .strains  in  ibe  brsiri  in  a  superficial  n-gion  clo.se  to  llic  dent,  (.oinpres.sion  waves  emanate  from 
this  area,  whicb  li.ive  norn  ..lly  small  anifdiludes  since  the  brain  is  nearly  iiicmapressible.  In  addition  to 
the  forces  rin  the  brain  resiilli-i^  from  .skull  deformation  there  arc  acceleration  forces,  whicdi  would  also  act 
on  n  completely  nndefnrnialdr  skull.  The  cenlrifuj>;al  forces  and  linear  accelerations  producing  compres- 
sional  strains  are  neglif^ible  cojiipared  with  the  shear  straais  produced  by  the  rotational  accelerations.  1  he 
dislribiilioii  of  the  .shear  strain.s  ovi;!*  tlo*  brain  ha.s  been  studied  on  models  (92)  and  the  motion  of  the  brain 
surface  lias  been  observed  in  animahs  with  scclitxis  of  .skull  rcjilaccd  by  Incite  (93).  The  maximuni  strains 
are  concentrated  at  ref^iony  wdiere  the  skull  lias  a  f'ood  grip  on  the  brain  owiiif^  to  inwardly  projecting  ridf^cs, 
especially  at  tlie  wing  of  the  sphenoid  Ixiiie  of  the  skull.  Shear  strains  miisl  also  be  present  throughout  the 
brain  and  in  the  brain  sleiii.  Many  invtrsti ^ators  consider  these  .shear  stra.iiis  resulting  from  rotational 


accelerations  due  to  a  blow  to  the  unsupported  head  as  the  principal  event  leading  to  concussion.  Blows 
to  the  supported,  fixed  head  are  supposed  to  produce  concussion  by  compression  of  the  skull  and  elevation 
of  cerebrospinal  fluid  pressure.  Despite  the  general  acceptance  of  rotational  acceleration  as  the  main  cause 
of  concussion,  experimental  data  on  this  quantity  are  almost  completely  missing  and  concussion  thresholds 
are  discussed  in  terms  of  "available  energy"  (which  is  usually  not  the  energy  transferred  to  the  head)  and 
impact  velocity. 

In  genera!  it  can  be  assumed  that  a  high  velocity  projectile  (for  example  a  bullet  of  10  grams  with  a 
speed  of  1000  ft/sec.)  with  its  high  kinetic  energy  and  low  moinentum  produces  plainly  visible  injury  to 
scalp,  skull  and  brain  along  its  path.  The  high  frequency  content  of  the  impact  is  apt  to  produce  compres¬ 
sion  waves  which  in  the  case  of  very  high  energies  may  conceivably  lead  to  cavitation  with  resulting  dis¬ 
ruption  of  tissue  (94).  Skull  fracture  is  not  a  prerequisite  for  these  compression  waves.  On  the  other  hand, 
if  the  head  hits  a  wall  or  other  object  with  masses  large  compared  with  the  head’s  mass  the  local,  visible 
damage  is  small  and  the  invisible  concussion  damage  due  to  rotational  acceleration  may  be  large.  It  must 
be  added  that  blows  to  certain  points,  especially  on  llie  midliiie,  |)roduce  no  rotation.  Blows  to  the  chin 
upwards  and  sidewards  on  the  other  hand  produce  rotation  relatively  ea.sily  (knock-nut  in  boxing).  It  is, 
therefore,  alrnnsl  impossible  to  define  a  concussion  velocity  or  energy.  V'elocities  listed  in  the  literature 
for  concussion  from  impact  of  large  masses  range  from  .l.S  to  .lO  ft  'sec.  At  impact  velocities  of  approximately 
.10  fl  sec.  around  20(1  in. -lbs  of  energy  wins  absorbeil'ia  0.002  see.  resulting  in  an  acceleration  of  the  head 
of  47g.  Iinpnet  energies  for  eompression  concussion  are  probably  in  the  same  range. 

Skull  response  and  .skull  fracture  (9.1).  -  Inqmet  stiulies  on  endaver  skulls  with  strain  gauges  show  that  a 
lianmicr  blow  to  the  bone  itself  lasts  2..')  to  .S  >.  10  see.  After  the  initial  impact  the  bone  oscillates  for  2 
to  I  lO"''  scf.  will)  a  fcrqiU’fH  V  (if  xipproxiiiiiilcly  700  r.p.s.  whicli  with  the  fiindaniental  frequency 

found  witli  ('ontimiou'.  periodic  evcilnlioii  f-l.’O.  Scalp,  skin  and  su heulfincous  tissue  reduce  the  energy 
applied  to  the  Ijoim*.  If  the  rr.^ponse  of  tlic  skull  to  .i  l>lovs'  (‘.xi’ceds  the  clastic  dcforiiintion  limit,  skull 
fracture  occur.s.  Iinpact  l)y  a  hij'li  velocity,  lilunl-.slaipcd  object  results  in  localized  circum.scribed  tracturc 
anil  d(‘prcssi<in.  I  ,o\v  velocity  liliinl  blows  insufficient  to  cause  depression,  occur  frcfjuently  in  falls  and 
crashes.  Strc.sst d.it  studies  of  such  sitiiations  have  revealf’xl  a  ^oner.il  deformation  fiallcrn  (95);  an  in¬ 
ward  beat  .irca  of  the  skull  surronihls  ibe  cniilacl  area  and  is  followcti  at  ii  corisideriible  distance  by  an 
oiilliefidinu  of  llie  skull,  .Sonietiiix's  f.iirlv  sviiuiietriciil  imdiilaling  patterns  art*  observed,  occasionnily  with 
an  oiillu’ndiii/  of  iIk^  (-oiilreeoiip  t\pe,  an  onllx'udin;'  in  tlu'  skull  arcM  opposite'  tlu'  point  of  contact. 

Since  llie  Imimc,  a  iiriltle  iiMteri.sl,  fails  in  Icfisioti,  most  liiie.ir  skull  frarlnri's  originati'  in  the  outer  surface 
of  (lie  oiitw.ird  biMil  .;re<(  surr*Miiidin;:  the  iiidioil.ilioii.  krom  tliis  area  the  cr<ick  tnav  spread  towards  the 
(•ruler  of  inip.iel,  \sliii  li  rflmiinds  immi'di.itclv  .ifler  the  blow  and  bccotnes  an  area  of  hif.^h  tensile  stress. 

I ’rop.i^Ml  imi  in  (lie  di  rect  ion.  oppo-,  it  e  to  the  center  of  the  ifupael  lakes  pliiLi;  .tiso.  The  size  of  the  frac¬ 
ture  line  depend.s  nii  iKe  eneit;\  e\pcnc|i*d.  (»iven  enoiieli  ei)(*r^v  two,  ihrct^  or  niorir  crack.s  appear  all  ra- 
dialiiiu  fi’oiii  the  eeiilor  ol  the  blovN.  I'lie  sku.ll  b.is  liolli  weak  and  strong  areas,  each  impact  ixrcii  .sfiowiiig 
well  defined  rejiion.s  for  the  occuiTeiiee  of  the  fracture  linc.s. 

1  lie  InUil  ener^N  required  for  skull  fr«ielMre  v<uies  from  400  to  900  in. -lbs,  with  an  avcrai^e  often  a.ssumed 
to  lie  000  in. -lies.  I’liis  eiierj'y  is  (opiivaleiil  to  the  condition  th.it  llie  head  liits  a  hard  flat  surface  .ifti^r  a 
frcH?  fall  from  .'*>  fl.  lu‘i"hl.  Skull  fractures  <n'ciirriiiu  when  a  hatter  is  uecidimlal  1  v  hit  by  a  ball  (5  oz.)  of 
hi^h  velocity  (100  ft  see.)  point  toward.»j  llic  s.une  eaerf^y  (oHO  in. -lbs).  Additional  energy  10  to  20  per¬ 
cent  beyond  the  siiif^lc  linear  fracture  demolisbcs  tiic  skull  coinjibitely.  Dry  skull  preparations  required 
only  approxiinalejv  2o  in. -lbs  for  fracliirc'.  Tlic  rciison  for  the  large  energy  difference  is  mainly  attributed 
to  tfic  attenuating  properlic.s  of  the  scalp. 

b’or  practical  sjtuatioii.s  in  •iutoiiii)bilc  and  aircraft  craslic.s  the  form,  cla.slicity  and  plasticity  of  the  ob¬ 
ject  injuring  the  head  is  of  extreme  importance  and  dclerniimcs  its  “head  injury  potential.^  l‘’or  example, 
iinpact  with  a  90^  sharp  Conner  re.quires  only  a  tenth  of  the  energy  for  skull  fracture  (60  in, -lbs)  ibal  impact 
with  a  hard  flat  siirfae<!  requirtr.s  (96).  Head  iinpact  energies  for  various  attitudes  of  the  human  liody  hitting 
a  LonlLict  area  at  varioii.s  angjn.s  arc  pri’S'-'iited  in  figure  24.  The  conditions  shown  arc  representative  of 
cra.sli  conditions  involving  unrestrained  liuman.s. 
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i*‘iRuri*  24.  -  iinpaft  riior^rv  as  affactcil  Ijv  body 

aultadc  and  barri<-ado  ali^h'  Idata  from  diinnny  )lro[i  tOKts 
after  Dye 

KKHbCTS  OK  SHOCK  AM)  VIliUATION  ()\  T\.SK  I’KIil'OliMANCK 

As  indiciiled  aliovc,  very  little  is  known  aixnd  !:;>w'  slioek  or  vilrration  affects  task  performance  at  ac¬ 
celerations  wtiich  do  not  proiliice  actual  d.nna/’o.  One  important  factor  is  fal.if;iie,  l)nt  fiitij'ue  is  not  yet 
well  cnoii"li  understood  to  permit  ade<|uatc  nieasiirenicnt  nor  is  it  now  fio.s.sildc  tt)  rrdiitc  it  (juanlitnlively 
to  any  particular  stress.  .\l(MsiirrMiients  of  tlie  perfoniiance  of  very  simple  tasks  (.Afi,97)  have  given  e(|uiv- 
octil  or  negative  results  except  where  there  is  ineelianir  ai  interfi  renee.  experiments  rclatino  to  task  per¬ 
formance  ami  fatigue  are  extraordinarily  difficult  to  carry  out  properly  and  the  results,  when  they  arc  at  idl 
meaningful,  have  verv  limited  .i|'pli(.d]ilitv.  “t.tuickie”  experino'iits  .\re  almost  invariably  misleading, 

I’iioiidc  rioN  .Mi'.Tiions  and  i’hoccdi  iiivS 

I’rotection  of  man  against  mechanic, il  forci’s  is  ac  . . plislicl  in  two  ways:  Isolation  to  reduce  transmis¬ 

sion  of  the  forces  to  the  man  ,ind  iiii  rrr.ise  of  man's  nu'ch.inical  resistance  to  the  forces.  Isolation  against 
shock  and  vibration  is  ucliii-vcd  by  the  standard  .suspiaision  principle  ol  Iniving  the  natural  frci|uency  of  the 
system  to  be  isobitcd  lower  than  the  exciting  frei|iieu'  y  ,il  lc,isl  by  a  factor  of  2.  lioth  linear  and  nonlinear 
resistive  elements  are  used  for  damping  the  tc.insinission  sy.slem;  irreversible  resistive  elements  or  energy 
nb.soibing  ilevices  can  be  u.sed  once  to  i  lintige  llie  lime  and  amplitude  |iiillern  of  impnbsive  forcc.s.  Human 
tolerance  to  mechanical  fiaces  is  slrorigly  influenced  by  selecting  the  proper  body  position  with  respect  to 
the  direction  of  forces  to  be  expected.  Man’s  resi.stance  to  nieclianieai  forces  can  also  be  increased  by 
proper  distribution  of  tlie  forces  so  that  relative  displacement  of  parts  of  tlic  body  is  avoided  as  much  as 
possible.  This  may  be  achieved  by  supporting  the  body  over  as  wide  an  area  as  possible,  preferably  load¬ 
ing  bony  regions  aad  tlius  making  use  of  the  rigidity  iivtiilable  in  the  skidtDon.  Rc-enforeement  of  the  skel¬ 
eton  is  an  important  feature  of  seats  ilesigiieil  to  prolcel  against  crash  loads.  1  he  flexibility  of  the  body  is 
reduced  by  fixation  to  the  rigid  sent  .structure.  The  mobility  of  various  parts  of  the  body,  e.g.,  the  abdom¬ 
inal  mass,  can  be  rediicod  by  properly  liesigiieil  bells  and  suits.  The  factor  of  training  aad  indoctrinatitrn 
should  also  be  menlioned  as  essential  for  the  best  use  of  protective  e(]uipment,  for  aligning  the  body  into 
the  lca.st  dangerous  positions  during  intense  vibration  or  crash  exposure,  and  possibly  for  improving  opera¬ 
tor  [)erforniance  during  vibration  exposure.  The  latter  type  of  training  may  be  helpful  in  anticipating  and 
preventing  man-machine  resonance  effects  and  in  reducing  anxiety  which  might  otherwi.se  occur. 
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STATIC  DEFLECTION -INCHES 


PROTECTION  AGAINST  VIBRATIONS 

The  transmission  of  vibration  from  a  vehicle  or  platform  to  a  man  is  reduced  by  mounting  him  on  a  spring 
or  similar  device,  such  as  an  elastic  cushion  (7,35).  The  degree  of  vibration  isolation  theoretically  possi- 
bie  is  limited  in  the  important  resunuiiee  frequency  range  of  the  sitting  man  by  the  fact  that  large  static 
deflections  of  the  man  with  the  seat  or  into  the  seat  cushion  are  undesirable  and  large  relative  movements 
between  operator  and  vehicle  control  interfere  in  many  situations  with  niah’s  performance.  A  compromise 
is  the  onlv  po.ssible  approach.  Cushions  are  used  primarily  for  static  comfort  but  are  also  effective  in  de¬ 
creasing  transmission  of  vibration  above  man's  resonance  range.  They  are  ineffective  in  the  resonance - 

fun^  and  may  even  amplify  the  vibration  in  the  sub-resonance  range.  In  order  to  achieve  effective  isola¬ 
tion  over  the  2  to  S  c.p.s.  range,  the  natural  frequency  of  the  man-cushion  system  must  be  reduced  to  1 
c.p.s.  but  then  the  man  would  have  to  deflect  into  the  cushion  by  10  in.  {fig.  25).  Example  of  impedance 
changes  achieved  with  various  cushions  arc  given  in  figure  26  (31).  A  condition  known  as  “back  scrub” 
may  be  produced  ns  a  result  of  using  a  scat  cushion  without  a  hack  cushion  as  is  common  in  some  tractor 
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NATURAL  FREQUENCY-CPS 


Ki^'urc  2(i.  -  li;ini<  a!  »»f  a  siiiinf*  hiunait  sub- 

]<•(  I  with  viirious  <  ii.sliioiis  aii*l  \%jt)iui)t  fii.-himi  (vrrlica),  ia*., 
j'ln^iludiiial  vi  hrnt  ions)  [  from  Ditakinann  (-U)|. 


Ki^un?  25).  -  Stnlif  lirflpction  of  a  scat  spring  by  i.he 
n.a;-s  of  ihf*  man  ns  a  fiiuction  of  ihr  rpsoiianoo  frv“f^uency 
of  ihf*  linear  system.  To  time  the  man-seat  sy.stem  lower 
than  the  resonanL'e  freqiieiiry  of  the  man  rTlone  (5j  e.p.s,) 
reiiuin**-.  .'^tatir  tleflc'clions. 


or  vehicle  arrangementB.  efforts  of  the  operator  to  wedge  himself  between  the  controls  and  the  Lack  of 
the  seat  often  tend  to  accentuate  this  uncomfortable  condition.  In  ordinary  passenger  seats  the  seat  cushion 
does  not  alter  the  resonance  of  the  man^seat  system  considerably,  i.e.,  in  the  low  frequency  r.%nge  (<5  c.p.s.) 
no  isolation  is  achieved.  Sometimes  some  amplification  is  unavoidable.  Nevertheless  the  damping  proper¬ 
ties  of  the  seat  cushion  are  very  important  for  attenuating  the  frequencies  above  resonance,  which  may  be 
the  more  important  areas,  for  example,  in  automobile  or  aircraft  transportation  (see  fig.  33).  For  severe  low 
frequency  vibration  and  shock  conditions,  as  they  occur  in  tractors  and  other  field  equipment,  suspension 
of  the  whole  seat  is  therefore  superior  to  the  simple  seat  cushion,  Hydraulic  shock  absorbers,  rubber  tor- 

_ cion  bars,  coil  springs, .and  leaf  springs  have  all  been  succcsstully  used  for  suspension  seats. -  The-dif - 

fcrences  between  these  springs  appear  to  be  small.  On  the  other  hand  there  seems  to  be  a  difference  in 
comfort  and  vibration  induced  stress  if  the  seat  is  guided  so  that  it  can  move  only  in  a  linear  direction  com¬ 
pared  with  the  condition  in  whicli  the  sent  simply  pivots  around  a  center  of  rotation  (fig.  27)  (7). 


F'igure  27.  -  Hiffcrcncc  in  vibration 
indjcorl  stress  on  a  subject  as  a  fiinc- 
lion  of  the  seat  design,  f'.alvanie  skin 
response  and  the  increase  in  caloric 
energy  c'ousuinpl ion  due  to  viliratiuns 
are  plotted  for  the  dlffcreni  seats  in¬ 
dicated.  "I'hc  data  represent  averages 
over  10  tests  of  ir>  tuinutes  duration  on 
five  subjects  with  vibrations  clinracrtor- 
'stic  of  tractor  operation.  The  data 
prove  the  general  superiority  of  .seal 
designs  which  restrict  seat  vibrations 
to  linear,  coin|)arrd  witli  pivoting,  mo¬ 
tions.  .Sul*jective  evaluations  indieale 
a  similar  rank  ordr^r  as  llie  |)}iysiological 
quantities  in  this  grapli  (after  DieckHuinn 
(7)1. 


d’ho  latter  siliialion  pr(jduc(\s  iincunifort.ihlc  <iiid  faligiiiii/i  pilching  molion.  .Suspension  seols  c.m  hr;  biiill 
capable  of  preloading  for  the  «>peral(»r’H  wtoghl  to  keep  tin*  slahe  position  of  llif*  seal  ami  liit^  natural  fre¬ 
quency  of  the  syslcMii  at  the  desiretl  value.  Suspension  seals  for  use  on  Iraelors  and  for  similar  a[)pl ictitions 
arc  available  which  rtaluct*  the  resonance  of  the  inan-se.ii  sy-sten!  frotn  aj'prox  iinalcly  4  to  1  e.p.s,  (3-'.i) 
(measured  in  terms  of  tlit?  ratio  of  the  acceleration  at  the  bell  level  of  llu'  subjijcl  to  the  soiil  acceleration). 
'I'he  traiismi.s.sion  ratio,  which  is  belvveeri  2  anti  2.o  al  lli<‘  resiuinnct*  frp(|uency  for  the  subject  alrme,  i.s  only 
1.6  at  1  c.fi.s.  for  the  subject  ofi  the  suspcn.sion  seat.  Willi  different  Ivpes  of  foam  and  spring  cnshions  tJ.lone 
it  has  Hfjt  been  po.ssible  to  lower  tlie  resonance  below  2  lt»  ••  p.s.  with  ;i  transmission  ratio  of  2.0  to  3. 
hdastic  cushions  ahme  result  therefore  in  an  amplification  of  the  vibration  in  accordance  with  the  imped- 
unce  mea.'^urenienls  (fig.  26).  d’hesc  findiiig.s  are  coiifirine<l  not  tally  by  laboratory  tests  but  also  by  field 
tcsl.s  on  tractor.s.  d'la;  .su[)eriorily  of  iiiaii’.s  legi'J  to  most  seating  dtivice.b  with  resjjecl  to  tlie  transmi.s.sion 
of  vertical  vibration.s  hay  been  shown  in  figure  9  and  mu.st  be  morUioned  here  for  complctencsy.  j'lifferenccs 
in  positioning  of  the  sitting  .subject  also  changt!  the  transiiiissi on  as  demonstrated  by  impedance  laeasure- 
nients  (fig.  8).  bor  severe  vibration.s  cdose  to  or  exceeding  normal  tolerance  limits  as  they  occur  in  military 
operations,  special  seats  and  rcstrainl.s  can  he  developed  to  provide  maximum  body  support  in  all  critical 
directions  for  the  .subject  in  the  most  a<lvanlagcou.s  position.  In  general,  under  thc.se  conditions,  seat  and 
restraint  requirements  arc  the  same  for  vibration  and  rapitily  applied  accelerations.  I^'cf  a  discussion  of 
body  restraint.s  see  below.  The  large  protection  to  be  expected  by  rigid  or  semi-rigid  bo<ly  enclosure.s  has 
been  proven  by  laboratory  experiments  (.S3)  but  lias  not  yet  been  applied  to  [naclical  situations.  Immersion 
of  the  operator  in  a  rigid,  water-filled  container  with  prrqier  breathing  provisions  hn.s  recently  been  used  to 
protect  subjcels  against  high,  sustained  static  g-loads  (98).  It  may  be  that  the  same  principle  could  be 
used  to  provide  protection  against  liigli  alternating  load.s. 
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The  isolation  of  hand  and  arm  against  vibration  from  hand  tools  depends  critically  on  the.  type,  weight, 
and  relative  position  of  the  tool.  Generalized  rules  are  therefore  hard  to  provide.  The  model  for  the  hand- 
arm  system  presented  in  figure  16  should  be  adequate  to  estimate  the  effectiveness  of  isolation  measures. 

Since  tolerance  to  continuous  vibration  depends  critically  on  the  exposure  time,  the  control  of  working 
hours  in  vibration  environments  or  with  vibrating  tools  is  one  of  the  most  important  protective  measures. 

It  can  prevent  cumulative  permanent  damage  and  reduce  the  possibility  of  accidents  favored  by  vibration- 
aggravated  fatigue. 

PFlOTECnON  AGAIN.ST  IIAPIDLY  AF*1>I,!KD  ACGEI.EHATIONS  (eilASIIKS)  - 

The  study  of  auloiiiobilc  and  aircraft  crashes  and  of  experiments  with  dummies  and  live  subjects  shows 
that  complete  body  support  and  restraint  of  the  extremities  provide  maximum  protection  against  accelerat¬ 
ing  forces  and  give  the  best  chance  for  survival  (9,.')1).  If  the  subject  is  restrained  to  the  seat  he-  makes 
full  use  of  the  force  Mioiieriition  provided  by  the  collapsing  of  the  vehicle  structure  and  is  protected  against 
shifts  in  position  which  wouhl  injure  him  by  bringing  him  in  contact  with  interior  surfaces  of  the  cabin  struc¬ 
ture  (<59,100,101).  The  dcccicrativc  load  must  be  distributed  over  as  wide  a  body  area  as  possible  to  avoid 
force  concentration  with  resulting  bending  .'Movements  and  shearing  effects.  'I'he  load  should  be  transmitted 
as  directly  as  |joBsible  ti>  the  skeleton,  |ircferiii)iv  directly  to  the  pelvic  structure  and  not  via  the  vertebral 
column. 


Theoretically  a  rigid  envelope  around  the  body  would  protect  it  to  the  rnaximuni  possible  extent  by  pre¬ 
venting  deiormation.  A  body  restrained  to  a  rigid  scat  approximates  such  n  condition;  proper  restraints 
against  longitudiii.il  acceleration  shift  [lart  of  the  load  of  the  shoulder  girillc  and  arms  from  the  spinal  col¬ 
umn  to  tlic  hack  re.st.  .Ann  rc.sts  can  lake  iho  load  of  the  armij  awny  from  the  shoulders  (.ol).  .Semi-rigid  and 
elastic  .J.hdoininal  supports  provide  some  protection  against  large  abdominal  displacements.  The  effective¬ 
ness  of  this  (iriiiciplo  lias  been  shown  by  aniuiai  expcriiiienls  (.18)  and  by  imped. inee  measurements  on  human 
subjects  (fig.  8)  but  has  not  so  far  been  applied  in  (>ractiee.  .Animals  immersed  in  water,  which  distributes 
the  load  applied  to  the  rigid  (•onl.tini'r  I'vcnlv  over  the  body  surface,  or  in  rigid  casts,  hove  survived  accel¬ 
eration  loads  nmiiv  times  their  normal  loleiiiiiee. 


M.inv  altempt.s  li.iv  been  made  to  iiiecirporalr'  I'tiergv  absorbing  devici's  idtliio  in  a  harness  or  in  a  scat 
with  the  inlioil  to  eli.uige  the  .U'eelei'alion  lime  p.ilterii  by  limiting  peak  aeeelerations.  Parts  of  the  seal 
or  harness  ire  designeil  with  ,1  noiiline.ir  eliar.ielerislie  wiiiib  st.irls  to  rxleml  at  sol'ie  given  aeecleration 
level.  I  II fortuiia I (•  ly  llii-  In  in-fils  .lerived  from  sneb  .1  device  are  nsuailv  .small  since  little  space  for  body- 
or  se.it-iiiolion  is  .1  v.i i 1 .1  hi e  in  .lirplane.s  or  aiitomobi Ins  and  coiit.u  I  with  interior  eabiri  surfaces  during  the 
period  Ilf  evlensHin  of  the  devii  e  Is  .ipl  to  result  in  more  serious  injnrv.  I'dr  exum|)le,  (fig-  28)  nn  nircraft 


bigure  28.  -  (.'rusli  deioderul joii  unil 
veloeily  of  uiri  rafl  us  u  flinetiiu,  of  lino'. 
'Idle  uinraft  l■(Ml1e.s  to  a  l■ot|l|Ii^•lI■  slop 
from  If.U)  jii.p.li,  witfiin  .d  feel.  An  energy 
.ili.siirliing  ileviee  liinitiug  ifie  iimxiimnn 
aeetderuiioii  on  ttie  passenger  to  is 
ussiuijeil.  It  would  reijoire  u  di-spluee* 
merit  of  lU  in. 
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being  stopped  in  a  crash  from  100  m.p.h,  in  5  ft.  would  be  subjected  to  a  constant  deceleration  of  64. 4g. 

An  energy  absorbing  device  designed  to  elongate  at  50g  would  reiiuire  19  in.  displacement.  While  travel¬ 
ing  this  distance  the  body  or  seat  would  be  decelerated  relative  to  the  aircraft  by  14.4g  and  would  have 
a  maximum  velocity  of  36.8  ft/sec.  relative  to  the  aircraft  structure.  A  head  striking  a  solid  surface  with 
this  velocity  would  have  many  times  the  minimum  energy  needed  for  a  fractured  skull.  The  available  space 
for  seat  or  passenger  travel  using  the  principle  of  energy  absorbtion  must  therefore  be  considered  carefully 
in  the  design.  In  the  development  of  catch-up  mechanisms  for  window  washers  and  workers  in  similar  sit¬ 
uations  energy  absorbing  elements  in  the  form  of  undrawn  nylon  ropes  may  have  promising  applications. 

For  seat  belts  and  other  crash  restraint  harnesses  extensible  fabrics  have  .so  far  been  found  to  be  extremely 
hazardou.s  since  their  load  clutraclerislics  cannot  be  sufficiently  controlled  (102).  Recently  seats  for  jet 
airliners  have  been  designed  which  have  extendable  rear  legs  housing  energy  absorbing  mechanisms  (103). 
The  maximum  travel  of  the  seats  is  6  in.  and  their  motion  is  designed  to  start  between  9  and  12g  horizontal 
load  depending  on  the  floor  strength.  During  motion  the  legs  pivot  at  the  floor  level,  a  feature  also  supposed 
to  be  beneficial  if  the  floor  wrinkles  m  the  crash.  Tlicoretieally  such  a  seat  could  be  exposed  to  30g  for 
0.037  seconds  nr  2Qg  for  0.067  seconds  and  have  not  more  than  9g  transmitted  to  the  seat.  I'nll  test  reports 
on  these  seats  are  not  available. 


riic  high  tolerance  limits  of  tlic  well  supported  human  body  to  ilecelerntivi:  forces  (fig.  34  to  41)  suggest 
that  in  aircraft  and  other  vchiclts.  seats,  floors,  and  tiic  whole  inner  sl.ructuro  surrounding  crew  and  passen¬ 
gers  .should  bt^  ile;signc(l  to  resist  e  nisii  lori  es  as  near  to  4(lg  as  weight  or  sp.ace  limitations  permit  (103). 

I'he  structural  inemhers  siirroiiading  this  inner  compartment  shoald  be  airangeil  so  that  their  crushing  reduces 
forces  on  tin:  inner  structure.  Protruding  and  easily  loosened  objeels  shtiiilii  be  avoided.  To  allow  the  best 
chance  for  survival,  seats  should  also  bo  stressed  for  dynamic  loadings  between  20  and  40g.  (iivil  Air  llcgu- 
bition.s  requ  rc  9g  static  strength  of  seats  as  a  iiiinimam  (101).  \  miuhoil  for  I'oaipiiling  seat  tolerance  to 

typical  survivablc  air|ilaac  crash  decelerations  is  nvailahle  for  .seats  of  conventional  design  (lO.'l).  There 
is  no  question  that  the  passenger  who  is  riding  in  a  .seat  facing  backivaril  has  ,'i  better  chance  to  survive  an 
abrupt  crash  deceler.ition  since  the  impact  forces  are  ibea  niore  uniformly  distributed  over  the  body.  Neck 
injury  has  to  be  (irevented  by  proper  head  support.  The  objections  to  riiling  backwards  on  n  railway  or  in  a 
bii  s  arc  not  pi  rsodt  for  air  lniiis[>orlalioii  nccausf'  of  tlir  absonct'  of  (ji.stni  i)in^  [notion  of  objnuls  in  the  iiii* 
iiifiliato  fit'M  of  viow.  'I'ho  coiiirovorsy  ov(M’  llio  fniosliori  st-als  in  aircraft  should  face 

forsviiTfl  or  lift  sterns  from  (he  fiiet  ih.il  for  .1  re.irw.ir<l  f-ieinji  seal  liie  (  (‘liter  of  passfMi^or  .siifiport  is  about 
1  ft.  above  the  [tnint  wliere  tin*  seal  bell  wouM  be  ;illaeiie<l  for  :i  forwanl  faciiif^  |i;issen^(T.  (lonscfjuently 
llie  re;ir\vard  faeiiij.'  s<*tit  is  siibjeeteil  lo  a  lumber  beinliii^'  moment;  in  olber  svords.  for  soiils  of  llic  same 
wei^lit  the  forward  fiieine  seal  will  sustain  lii/;li('r  crash  forces  witlioul  colhijise.  l-’or  llu'  same  seal  wcif^liL 
llie  rearwiinl  f.u  in^  scril  soiild  have  apiiroxiiiialtdv  oiilv  h.ilf  the  desi/j^a  slrengtli  of  the  forward  facing  scat 
and  aliout  one-third  its  nalural  fn‘'(ue[iev.  \  criterion  for  the  seli'i  lion  of  one  tvp(“  s(‘al  over  the  fillier  on 
the  l)iisis  of  iiMowiihle  weight,  seal  tolerance  to  probalde  crash  loiids,  and  [liisseii^er  injury  has  recentiy 
been  profioserl  bat  must  await  ex}>cTime nts  for  >|Uai>titative  eonf iniiation  (106). 


.Safety  hip  oi‘  sccil  Ixdl.s  are  u.‘-.ed  to  fix  the  i.'cuup.tiils  of  aircraft  or  auLornobi  les  t(i  tbeir  seals  and  to  pre¬ 
vent  tlseir  beiri^  liiirle<l  iiboiil  within  (lie  ear  or  aircraft  or  biMnj.-,  ejected  from  the  car.  Their  effect! vencs.s 


I'ifiUre  29.  ~  I’rolei  live  h;in»e^.s 
arriinf'erneiils  for  rnpiij  .'ua  elenitions 
or  ileocleriilioiis. 

1.  Stmt  belt  foi  autoiMuliiies  aii<i 
coituiifTcial  aviiilion. 

2.  .Stainiard  niilitiiry  lap  and 
slionirier  .strap. 

'■].  Like  2  but  witli  .straps 

adciud  lo  fjrevfint  li  riidward  rolatiuii 
of  the  lap  strap. 

4.  Like  3  but  with  chest  strap 
added.  'I’lieso  arrangcineul.s  were 
evaluated  in  sled  driceleration 
lesis  [from  .Slapp  (9)1. 


(*)  SEAT  BEL’ 


(*»  SEAT  8E1.T  .*9  nylon, i’woe 

(8)  SHDULOE"  STftAP,  M-16 
0  $  Nfi.ON.  I  3/4"  WIDE 


[A) SCAT 

(eilHOOLCEfl  STRAP.  #9 
NYLON,  3'  AllOE 
[C)LEC  STRAP.W9NfLCN 
3*#iI)E,  i  STRAPS 


{AJSEAT  BCir.)tf9NYL0N,5'#iD€ 
(S) SHOULDER  STRAP, #9 
NYlON,3*yiOC.  2  STRAPS 
(OLEQ  STRAP ,Ar9  HTLON 
3'  WIDE  .  t  STRAPR 
(0)C«£Sr  BELT, If*  NYLON 
3"  #ioe 
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Table  4.  Human-Body  Realraiot  and  Possible  Increased  impact  Survivability 


[After  Riband  (51)] 

Direction  of  Acceleration 

Imposed  on  Seated  Occupants 

Conventional 

Restraint 

Possible  5urWuabi7ity  Increases  Available 
by  Additional  Body  Supports* 

Spineward: 

Crew 

Lap  strap 
Shoulder  strap 

Forward  facing: 

(a)  Thigh  .straps  (A.ssume  crew  members  will 
be  performing  emergency  duties  with  hands 
and  feet  at  impact.) 

Passengers 

Lap  strap 

Forward  facing: 

(a) ' Shoulder  straps 

(b)  Thigh  .straps 

(c)  Nonfailing  arm  rests 

(d)  Suitable  hand-holds 

(e)  Emergency  toe  straps  in  floor 

Sternum  ward: 

P<iSHrTigcrs  only 

l.ap  strap 

Backward  facing: 

(a)  Nondefiecting  seal  back  and 
(h)  Integral,  full-height  head  rest 

(c)  Chest  strap  (axillary  level) 

(d)  Lateral  head  motion  restricted  by  padded 
“wirigfrd  back’* 

(e)  Leg  au«l  foot  barriers 

(f)  Arm  rests  and  hnml-holds  (prevent  arm 
displacentent  beyond  seat  back) 

Ileadwa  rtl: 

( ir<'\v 

!  alp  .strap 
Shoulder  stiaps 

borward  facing: 

(a)  'I'liigh  sira]>s 

(1>)  Chest  strap  (axillary  level) 

(f )  Full,  integral  head  rest  (Assume  crew 
tiMuobt'rs  will  he  perfontiing  eniergenc'y 
dniios;  ovtr^Muity  restraint  uselcsr.) 

Lap  strap 

Forwiird  facing: 

(a)  .ShouMrr  slsaps 

(b)  Ihigli  sirups 

(i)  Chesl  sirup  (axillary  level) 

(ci)  hull,  iulegral  henfl  rest 

(i’)  Nonfisiling  eoiiloured  arm  rests 

(1 )  Siiitulili-  Ii.iiiil-hoId.s 

Ha<  kward  fa(  ing: 

(a)  Chesl  sir. Ip  {axill.irv  level) 

(1>)  1-HI),  integral  l{('a<i  n*si 

(c)  Ndiifalliag  arm  rests 

(d)  .Siiitiibie  hand  holds 

I  ai  1  \v  ard; 

( !r<  vs 

-.Irill. 

''lioii  Idi-I 

nd  f.K  ing: 

(a)  I.ap'l'ell  lie-dijwri  str.ip  (AsKuiiie  crew 
meiiih('rs  wiii  he  peifurniing  emergeucy 
dutii's;  extr»*tniiv  restraint  usedess.) 

1  -.Ip  strap 

Jh  -ward  faeiiig: 

(a)  Shoulder  slrajis 

(h)  l.ap-bi'll  lie-down  strap 

(j  )  llanddiiilds 

(d)  Kinergi'ut  y  toe  sirups 

Ba<kwar<l  facing: 

(a)  (ihesl  straps  (axillary  level) 

U>)  llund-liolds 

(e)  Kinergeney  loe  sirups 

HcrthiMj  Orcupnnis 

1  .ap  strap 

Feet  forward: 

FuI]-sup|)ori  webbing  uel 

Atliwarl  ships: 
^'ull-sapporl  wcliliinf'  nrt 


*  l)x)n»siii<‘  m  tiiaxiruiiin  lol'Tanc-r  limits  34  lo  41)  rrtpiirrs  straps  rxcrcdiup.  convf'nlionnl  strap 

slriMJ^'lli  an«i 
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has  been  proven  b)r  man^  laboratory  tests  and  in  actual  crash  accidents  (86).  The  belt  load  on  the  lower 
abdomen  causes  no  severe  intra-abdominal  injury  or  injury  to  the  lower  spinal  region  at  least  in  most  sur- 
vivable  crashes.  A  forward  facing  passenger  held  by  a  seat  belt  flails  about  when  suddenly  decelerated; 
his  hands,  feet,  and  upper  torso  swing  forward  until  his  chest  hits  his  knees  or  until  the  body  is  stopped 
in  this  motion  by  hitting  other  objects  (back  of  seat  in  front,  cabin  wall,  instrument  panel,  steering  wheel, 
control  stick,  etc.).  Since  IS  to  18g  longitudinal  deceleration  can  result  in  three  times  higher  acceleration 
of  the  chest  hitting  the  knees,  this  load  appears  to  be  about  the  limit  a  human  can  tolerate  with  a  seat  belt 
alone.  Approximately  the  same  limit  is  obtained  when  the  bead-neck  structure  is  considered.  Increased 
safety  in  automobile  as  well  us  airplane  crashes  could  be  ubliiined  by  distributing  the  impact  load  over 
larger  areas  of  the  body  and  fixing  the  body  more  rigidly  to  the  seat.  Shoulder  .straps,  thigh  straps,  chest 
straps,  and  hand  holds  are  additional  body  supports  used  in  experiments.  They  are  illustrated  in  figure  29. 
Table  4  shows  the  desirability  of  these  additional  restraints  to  increase  possible  survivability  to  acceler¬ 
ation  loads  of  various  direction  (.al).  In  airplane  crashes  vertical  and  horizontal  loads  must  be  anticipated. 
In  auton\obile  crashes  horizontal  loads  are  most  likely  and  tests  should  verify  the  lack  of  merit  in  providing 
much  more  than  adequately  engineered  shoulder  or  chest  sirups.  I’lie  effectiveness  of  these  configurations 
in  automobile  crashes  is  il ln.strated  in  figure  .10.  Lap  straps  should  always  be  as  tight  as  con.fort  will  per¬ 
mit  to  exclude  slack  as  far  as  possible.  During  forsvnrJ  inovemenl  60  percent  of  the  body  mass  is  restrained 
by  the  bell,  i.e.,  must  ho  ennsidered  as  belt  load.  Instead  of  ihc  .1000  to  4000  lb.,  three-inch  lap  belt  cur¬ 
rently  in  wide  use  an  8000  lb.,  loop  strength,  llirec-iiicli  wide  nylon  hell  i.s  recomniended  to  reduce  slack 
and  elniigalioti  under  load  (100).  Diiuhle  lliiekness  iiiuuher  9  undrawt]  nylon  strafis  of  .1  in.  width  have  linen 
found  imist  siitlsfaclnry  for  all  haruc.sscs  (.'lO)  with  respeel  to  .strength,  elongation,  anil  supported  surface 
area.  If  the  up|ii‘r  torso  is  fixed  to  the  hack  of  the  so. it  liy  any  type  of  harness  (shoulder  harness,  chest 
belt,  etc.),  the  load  on  the  seat  is  appioxiinately  the  .same  for  forward  mid  hnekward  facing  seats.  I’he  dif¬ 
ference  between  these  seats  with  ie.s|>eet  to  crash  loleraneo  a.s  disenssed  ahovc  no  longer  exists.  He-scarch 
to  .siioplify  and  iulapt  those  hodv  re.str.ilnt.s  for  passenger  arnl  crew  use  ivilhniil  cretiling  loo  much  discom¬ 
fort  is  continuing  (KXl.lOT).  So  f.ir  reslrnints  in  addition  to  lap  hclt.s  lire  routinely  only  used  in  military 
aviation. 


Kigiiro  .1(1.  •  lifliTi  of  viirying 
safely-lif'h  nrraiigmncnts  on  lirivor 
anil  [iiissenger  for  ii  2.6  in.p.h.  iiuln- 
iiiciiiiie  rollision  with  ii  fixed  liarrier. 
rhe  sketefies  imd  eviilontioiis  ore 
based  on  iictnal  rollision  lestslfrom 
Severy  mid  Molliei/.soii  (y0}|. 
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Ttie  dynamic  properties  of  sent  cu.shion.s  are  cxlreiaely  iinfiorliinl  if  an  aeeelcrnlion  force  is  applied  through 
the  cushion  to  the  body.  In  tlii.s  ease  the  .steady  slate  response  euive  of  the  total  seal-man  system  (fig.  26) 
gives  a  cine  to  the,  possible  dynamic  load  factors  under  iinpact.  Oversliooling  should  be  avoided,  at  least 
for  the  mo.st  probable  inipnct  ri.se  limes.  This  problem  has  been  studied  in  detail  in  connection  with  seat 
cushion.s  used  on  upward  ejection  seats  (87).  The  ideal  cushion  is  approached  when  its  compression  under 
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static  load  spreads  the  load  uniformly  and  comfortably  over  a  wide  area  of  the  body  and  if  almost  full  com* 
pression  is  reached  under  the  normal  weight.  The  impact  acceleration  then  acts  uniformly  and  almost  di¬ 
rectly  on  the  body  without  intervening  elastic  elements.  A  slow  responding  foam  plastic,  for  example,  with 
thickness  of  2  to  2.5  in,  has  been  found  to  be  very  satisfactory  in  fulfilling  these  requirements. 

Safety  engineering  for  crash  worthiness  of  automobiles  and  aircraft,  their  seats  and  restraints,  has  still 
a  long  way  to  go  before  maximum  use  can  be  made  of  the  human  body’s  deceleration  tolerance  limits. 

PROTKCtlON  AGAINST  HF.AIJ  IMPACT 

The  impact  reducing  properties  of  protective  helmets  are  based  on  two  principles:  the  distribution  of  the 
load  over  a  large  area  of  the  skull  and  the  interposition  of  energy  absorbing  systems.  The  first  principle 
is  applied  by  using  a  hard  shell,  which  is  suspended  by  padding  or  a  support  webbing  at  some  distance  from 
the  head  (5/8  in.  to  3/4  in.).  High  local  impact  forces  are  distributed  by  proper  suports  over  the  whole  side 
of  the  skull  to  wliicli  the  blow  is  applied.  Skull  injury  from  relatively  small  objects  and  projectiles  can  thus 
be  avoided.  However,  tests  usually  show  that  contact  padding  alone  over  the  skull  lesults  in  most  instances 
in  greater  load  conccnlralinn,  whereas  hclniels  with  web  suspension  distribute  pressures  uniformly  (23). 
Since  helmets  with  contact  padding  usually  permit  less  slippage  of  the  helmet,  a  combination  of  web  or 
strap  suspension  with  contact  padding  is  desirable.  'I'be  shell  itself  must  be  as  stiff  as  is  compatible  with 
weiglit  considcr.itioa.s  and  not  be  permitted  to  deflect  sufficiently  under  blows  to  come  in  contact  with  the 
head,  b'nr  light  iiulustrial  .safety  li.ils  ll■•■lded  bakelite  reinforced  with  steel  wire,  laminated  bakelite,  or 
high-strength  aliiininum  .illoy  are  used;  for  football  helmets  combination  rubber  and  plastic  compounds  molded 
in  a  single  shell  or  ii  vulcanixcil  fiber  shell  have  been  usml;  for  anti-buffet  helmets  molded  fiberglass  flock, 
molded  cotton  fabric  or  cloth  laminates,  all  impregnated  witii  plastic  are  some  of  the  most  commonly  used 
materials. 

Pudding  niiitcrials  can  iiicorpor.ile  energy  absorbing  features,  Ulicrcas  foam  rubber  and  felt  are  too  elas¬ 
tic  to  absorb  a  blow  ,  foam  plastics  like  poly.slyrciic  nr  I'.nsnlitc  have  been  found  to  result  in  lower  transmitted 
accclcration.s,  l.illlc  is  k?\<nvn  about  bow  well  the  objcelives  of  energy  absorption  (reducLioo  of  peak  ac¬ 
celeration  ami  (  li.ing,.  in  high  rale  of  .iceelcralion  ousel)  have  been  realized  in  practical  designs. 

.Since  it  is  verv  bard  to  spell  out  llie  e.vaci  phv.sical  cunditinns  fora  liclmol  which  can  provide  optimum 
i-'apac't  [iroti-et i on ,  ipMU titali V e  ev.iliialion  of  the  effi’cliveiies.s  of  v.irinus  lielmel  designs  is  difficult.  In 
‘■I'liliou  iiiu.sl  of  tiu'.sc  li<'luicl.s  coiisliliite  eoaipromlses  anoing  several  objectives  siicii  as  pressurization, 
coiiiMiunicaliiiii.  temper. ilare  I't.iidilioaing,  ininimiim  bulk  and  weight,  visibilltv,  |'rntcction  against  bailing 
ohjccls,  etc.  Iiii|i.ict  |irolecti on  is  liieri’forc  usu.illv  oulv  one  of  many  design  fe.rturcs  and  something  like 
an  “o|iliiPnim  design”  for  liiitiai  t  prolei  lloa  .done  li.is  not  becri  worked  out.  I'lie  |iroli:clive  effect  of  lieliiiets 
against  concuss i rpn  and  skull  fracture  li.is  lici'ii  proven  in  animal  experiincti Is  (108)  and  is  apparent  from  ac- 
Cidenl  stalislie.s. 

I'liOTi'.criON  ,\(;,M\sr  m.A.si-  wwi/s 

liidivitinal  prolcc  tioii  again.sl  ,iir  bi.isl  waves  is  cxlrcniciv  difficnil  since  only  very  tiiick  proleclive  covers 
can  reduce  the  Iran .smissinn  of  the  blast  energy  significantly.  I'lirtbermore,  not  only  the  thorax  but  the  whole 
trunk  would  [irobably  have  to  Ire  covm-ed.  lii  .ininial  experiments  sponge  rubber  wrappings  and  jackets  oi. 
ntlier  elastic  material  have  resulted  in  some  reducli-m  of  bln.st  injurie.s  (5).  h.nclosurc  of  the  animal  in  a 
met,il  cylinder  with  only  tlie  licitd  exposed  to  the  blast  wave  lias  provided  the  best  protection  short  ol  com¬ 
plete  enclosure  of  the  animal.  It  is  therefore  generally  assumed  that  shelters  are  the  only  [iractical  nip-Tus 
of  protecting  humans  against  blast.  I'licy  may  be  of  cither  the  open  or  closed  type;  both  change  the  nres- 
sure  environment,  (llianges  in  fircssure  rise  lime  introduced  Iry  the  door  or  other  restricted  openings  are 
physiologically  most  important  (17).  Hcfleetinn  plieiionicnu  within  the  shelter  must  also  be  cun.sidered. 

Protection  against  water  blast  waves  is  obtained  from  air  containing  vests  which  partially  reflect  the 
blast  waves.  No  (juantilativc  information  on  this  effect  is  available. 
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TOLERANCE  CRITERIA  FOR  VARIOUS  TYPES  OF  EXPOSURE  AND  ACTUAL 
ENVIRONMENTS  EXPERIENCED  BY  MAN 


The  previous  paragraphs  should  have  made  it  clear  how  difficult  it  is  to  predict  the  effect  of  mechanical 
forces  on  man.  Even  if  the  experimental  ntuterial  available  were  more  exact  and  complete,  it  would  still  be 
impossible  to  give  exact  limits  for  man’s  safety  and  performance  under  field  conditions  since  the  exact  phys¬ 
ical  mode  of  action  of  the  environment  varies  with  man’s  unpredictable  position  and  motion  and  since  biolog¬ 
ical  variations  with  re.spect  to  physical,  physiological,  and  psychological  reactions  make  such  limits  only  a 
Etatistical  quantity.  Individual  cases  may  deviate  considerably  from  the  average.  Biological  criteria  must 
therefore  be  used  with  caution;  they  are  summarized  here  only  as  rough  guides  for  engineering  purposes.  Tol¬ 
erance  criteria  as  well  as  examples  of  field  environment  indicate  only  orders  of  magnitude  and  are  not  rigid 
limits.  For  critical  safety  problems,  detailed  study  of  the  literature  or  e.\pert  consultation  is  indispensible. 

VIHRA'nON  EXPOSURE 


In  spite  of  the  fact  that  many  schemes  have  been  developed  to  assess  man’s  renetion  to  vibration  in  a 
quantitative  manner  most  of  them  are  based  on  a  limited  nninl>er,  sperifjr  types,  or  a  specific  interpretation 
of  experiments  and  coiitrudicl  eacli  oilier  to  a  certain  degree.  I’lie  averaging  of  all  these  results  and  llieir 
simplification  to  the  broad  groups  I  to  HI  in  figure  .il  seems  therefore  die  most  reasonable  approach  (72). 


►  he'ouency  in  CPS 


3!.  -  Vihr.'ilion  loleroncc  criteria.  Average 
peak  arcrlernt ions  at  wliicli  sulijoctK  perceive  vibra¬ 
tions,  I;  finil  it  nnpluitsant,  ]|;  (^r  refnso  to  tolerate 
it  fiirthor,  111.  ’IIic  shmlcd  urons  are  one  .sianHard 
tlrvi.'Uion  on  I’itln’r  siilo  (»1  ibr  niofiD-  'Ibuse  curves 
;irt‘  for  subjewis  williont  nny  prolocllon,  exposure 
tiiai’.s  .*■>  to  20  uiinntf  s.  'Dn’  sliorl  liino  lolernnco 
fiirvf  is  ft)r  subjofis  willi  staniinr'l  ,\lr  Korf:<“  laj) 

Im’Ii  anti  slionlilor  luirnosK,  |•‘Xj)()Sllrp  litne  approxi- 
iiialulv  one  fiiimito.  TIi*’  VV.MX!  vibrnt.ion  lolcrancu 
<  urv<*  is  nsotl  ff>f  Uinp-liuM*  (’xfiosuro  in  military 
iiircraft.  ]  \ftiT  (iolihnun  (72),  (iciliiit',  (73), 
/ifj;<’nrnr('k(T  ainl  M.i^i'l  (7't),  von  Mokesy  (20) 
an<!  Kihikiir  (1  1  I  ).l 


riiese  critfiria  have  been  used  widely  to  classify  the  severity  of  vibration  exposure,  riiey  represent  averages 
for  llic  standing,  .sitting,  and  lying  po.sitions.  For  vibrations  in  several  directions,  the  vector  sum  of  all  com¬ 
ponents  is  propo.scd  as  the  acccicralinn  stimulus  to  be  used  for  evaluating  the  condition.  Larger  accelerations 
llietii  those  iiulicalml  by  area  III  in  llie  figure  can  be  tolerated  by  the  iimjurlty  of  young,  male  subjects  for  short 
time  periods  only  without  harmful  effects.  'I’be  curve  marked  “short  time  tolerance”  has  been  established  for 
expo.sure  times  in  the  ordi^r  of  one  miiuile  or  less  for  yemng,  male  military  subjects  strapped  in  an  airplane  scat 
with  seat  belt  and  shoulder  harne.s.s  (74).  rhi.s  curve  must  be  con.sidered  the  borderline  beyond  which  physical 
tissue  damage  occurs  in  relatively  short  time.  'Flic  threshold  for  vibration  reception  at  the  fingertip  (20)  is  also 
shown  in  the  figure  and  iiiiglit  be  helpful  in  explaining  annoying  vibration  transmitted  to  parts  of  the  body  like 
the  hands  or  the  head. 
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For  irregular,  random  vibrations  the  tolerance  curves  established  for  sinusoidal  vibrations  must  also 
serve  as  guidelines  for  the  time  being,  since  no  better  data  exist.  Single  shock  acceleration  pulses  as 
they  occur  as  floor  vibrations  near  drop  forges  or  similar  equipment  were  u.sed  in  one  study  and  some  of 
the  results  arc  presented  in  figure  32  (12).  The  intolerable  range  in  this  series  of  experiments  should 
probably  be  considered  as  conservative  since  experiments  with  sinusoidal  vibrations  by  the  same  authors, 
which  were  included  in  the  averages  of  figure  31,  gave  relatively  conservative  tolerance  levels. 


DURATION  OF  PULSE  RISE  TIME  t  IN  SEC. 


Figure  32.  -  Tolerance  of  human  subjects  in 
the  standing  or  supine  position  to  repetitive  ver* 
tical  impact  pulses  representative  of  impacts 
frujn  pile  drivers  heavy  tools,  heavy  traffic,  etc. 
Subjective  reaction  is  plotted  cs  a  function  of 
the  maxiiiiuin  displacement  of  the  initial  pulse 
and  its  rise  time.  The  numbers  indicate  the 
following  reactions  for  the  art?aK  between  the 
liner;:  la,  threshold  of  perception,  Ib,  of  easy 
perception;  Ic,  of  strong  perceptiou,  annoying; 
Iln,  very  unpleasant,  potential  danger  for  long 
r'xposiires;  Ilb,  extremely  unpleasant,  defin¬ 
itely  iinngerous.  d'lie  decay  process  of  the 
imparl  pulses  was  found  to  he  of  little  prac- 
lifsil  Kignificanco  lafier  I{eib‘*r  and  Meistrr 
(12)1. 


I'Ik;  rnnuc  of  vibraliiiii  ievcis  fiiiiml  i'l  ^lircraft.  Iruirk.'i,  iiiiJ  !,r<iCti>rK  is  indiculcd  in  figure  33.  Individual 
|i()iiiLs  ri'|iri'senl  fliglil  vi dnit ion  data  olit.i iix’il  In  various  lv|ies  of  military  ttirerafl  (73).  'I'lic  solid  circles, 
.s<|uaie.s,  ,md  Iriaiiglos  indicate  vibrations  at  .scat  Icvidu  wliicli  were  reported  a.s  excessive  and  undesirable 
ill  actual  siTvicc;  llir  open  iiiarkK  indicate  conditions  accc|jlc.d  .is  iolcraldc.  I'lic  lincari/ed  dividing  line 
between  Iolcraldc  and  excessive  vibr.ilioiis  is  the  WAl'Ki  loleraiicc  iTilerioii  sliown  in  figure  31,  used  as  a 


1' idlin'  .'LL  -  \ppr»)xiitjjilr  vibralioii  environ- 
•.ficiits  f«ir  an lomohi I rs,  trinks,  Ir.ictors.  and  ;iir-  </> 
rruft.  S'lliriitioii  level:-.  oI.r-verytMl  oi)  haiHl>.  while  e> 
o[ierating  v.irifuis  hand  tools  ;ire  also  indieateil.  ^ 
These  levels  are  slrtmgly  dependent  tjn  lonl  ile-  o 
sign  and  type  of  operation.  Most  of  llie  hand  vi- 
hraliiuis  iiniir.ileii  are  in  tbr*  aceeleralion  range  ^ 
ill  w||i(  h  rh;<inir  hand  injuries  may  result.  |  '\ft»*r 
Hadke  Cif,),  Di.  eK.hiiiin  (7),  (;etline  (73),  and  y 
Agiitc  and  Druelt  (11)  and  olhers.i 
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ACCIiLERATlON  OF  VEHICLE  ,  MAX  PE  AK  ,  G’S 


long  time  vibration  tolerance  criterion  in  military  aviation.  The  areas  indicated  for  truck  and  tractor  vibra¬ 
tion  (7,35)  are  the  range  for  the  respective  vibration  iiiaxima  and  do  not  represent  spectra.  Most  vehicles 
have  very  pronounced  natural  frequencies  excited  according  to  ground  conditions.  Very  generally,  rubber- 
tired  farm  tractors,  as  well  as  trucks,  have  the  niaximuiii  of  their  vertical  accelerations  in  the  2  to  6  c.p.s. 
range;  for  large  rubber-tired  earth  moving  equipment  the  range  is  1.3  to  3. .5  c.p.s.  and  for  crawler  type  trac¬ 
tors  it  is  near  3  c.p.s. 

DhiCKlTlPiATION  KXPO.SUHK,  CHASII,  AND  IMF’AGT 


The  approximate  maximum  tolerance  limits  to  rapid  decelerations  applied  to  a  sitting  human  subject  are 
sumiimrized  in  figures  31  to  41  (51).  The  data  are  compared  and  summarized  on  the  basis  of  trapezoidal 
pulses  on  the  seat  in  ail  four  acceleration  directions  with  respect  to  a  saggital  plane  through  the  body  axis. 


DURATIOM  OR  UNIFORM  ACCELERATION ,  SEC. 


SUBJFCT  '  ■ 

A  humaa  :  f  O'*. A'*:  • 

/\  MSJMAN  A'-.'.-  ifi'.’H''..*  AV  • 

O  K.iWA‘1  .fu  AS' 


TIME  , SEC. 


'I'he  iiniits  as  shown  arc  bascf.!  on  experiments  prnvi<!ing  max iniiirn  body  support  (see  tiible  i),  i.c.,  lap  belt, 
shoulder  harness,  thigh  and  chest  straji,  and  arm  rests  for  the  hondwnrd  accelerations.  The  quanlitali ve  in¬ 
fluence  of  the  initial  rale  of  change  of  acceleration  is  nut  loo  clearly  established  and  not  enough  data  are 
availahle  foi*  exact  mathematical  anaiysi.s  of  the  influence  of  the  total  iu  cfderiilioii-limc  function.  Although 
the  separation  of  this  function  into  duration  of  (uniform)  acceleration  aiul  onset  rnle  is  not  coinplcLely 
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ACrEcERATION  Of  /EHIC^E.  MAX .  PEAK  . 
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DURATION  OF  UNIFORM  ACCELERATION, SEC. 


Figure  36.  -  Tnjornnce  lo  stcrnuniwarti  acceleration  as  a  function  of  mag* 
nitiHlf*  anil  duration  of  iinpuisi*  [from  Kibaiid  (51)]. 
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satisfying,  it  constitutes  the  most  useful  analysts  of  the  experimental  evidence  available.  Onset  rates 
endured  by  various  subjects  are  therefore  summarized  in  separate  graphs  for  the  different  directions  (figs. 
35,37,39,41).  Caution  in  applying  the  curves  presented  must  again  be  stressed,  since  they  are  based  on 
well  designed  body  supports,  minimum  slack  of  the  harnesses,  heavy  seat  construction,  young,  liealthy 
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Figure  39.  -  F.ffect  of  rate  of  onset  ou 
headward  acceleration  tolerance  [from 
Kiband  (.'ll )|. 
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volunteer  subjects,  and  subjects  expecting  the  impact  exposure.  Thus  these  curves  constitute  njaxirna  in 
many  respects,  although  further  improvement  in  the  protection  methods  docs  certainly  not  appear  inipossi- 
ble.  For  example,  the  maximuni  limit  for  exposure  to  transverse  fron^  -  \.hack  acceleration,  as  experienced 


in  head-on  aulon»obile  collisions,  is  indicated  in  figure  34  as  between  4C(  and  .SOg  for  durations  of  less  than 
0.1  sec.  For  subjects  without  ninximum  upper  torso  restraint  having  only!  a  lap  belt  or  other  types  of  ab¬ 
dominal  restraints,  lliis  limit  is  estimated  to  be  between  10  and  20g. 


Kipurr  42.  -  I.onpitudinal  and  nor¬ 
mal  crash  loads  on  a  pressuri/ed 
transport  aircraft  tiittinp  the  ground 
at  ST)  m.p.h.  under  an  impact  angle 
of  ir>'^and  29°.  \rreIrr;ilion  levels 
in  the  aircraft  are  shoi^n  as  a  func¬ 
tion  of  the  distance  from  the  point 
of  contact  (nose)  [after  Preston  and 
P^'sm  an  (100)1. 


200  400  600  800 


DISTANCE  FROM  IMPACT  POINT  ON  AIRPLANE, IN. 


13 


Approx itiuUc  ranees  for  ainr.ifl  crash  lo.uls  can  he  ohtainei!  from  figure  t2  (109).  Horizontal  crash  loads, 
i.e..  in  the  direction  of  the  aircraft’s  lonpitudin.il  axis,  increase  with  the  crash  angle  to  a  maxinium  at  90°, 
whereas  vertical  loads  reach  their  raaxinmn.  approximately  at  2.')°.  ITie  graph  shows  only  one  typical  ex¬ 
ample;  aircraft  type,  ground  conditions,  aiul  point  of  initial  crash  contact  have  a  strong  influence  in  each 
individual  case,  h'or  .lutotaohilc  head-on  collisions,  figure  13  shows  typical  deceleration  patterns  for  the 
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Ficure  43.  -  F.xainple  of  .lutomobile  head-on 
collision  deceleration  patterns  as  a  func¬ 
tion  of  time.  The  deceleration  for  the  under- 
body  under  the  seat  and  tlie  passenger’s 
hip  is  plotted  together  with  the  load  func¬ 
tion  of  the  scat  bell.  The  data  are  for  two 
cars  engaged  in  experimental  head-on  col¬ 
lisions.  (Imp.act  speed  31  ft/sec.  Kinetic 
energy  of  cars  before  impact  aperoximately 
4.'), 000  ft/Ihs.  Cars  collapse  under  impact 
approximately  1.7  ft.)  [prom  Seveiw  era/. 
(lOO).l 
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car  structure  under  the  scat  and  tlic  passenger’s  hips;  seat  belt  loads  arc  also  indicated  in  the  grapli  (100). 
The  two  graphs  in  this  figure  are  for  two  cars  colliding  with  each  other  head-on.  I’igure  d-d-  summarized  the 
results  of  many  automobile  crash  experiments.  The  peak  deceleration  of  the  car  body  under  the  driver’s 
compartment  is  plotted  against  the  impact  velocity.  As  can  be  seen  from  the  graph,  the  difference  in  im¬ 
pact  load  between  frame  and  unitizcii  underbody  construction  was  negligible  in  these  experiments. 


figure  44.  -  (ir.isli  lieceler.itinn  <>1  ihe  passenger  iioiTip.arlMieril  in  heaii-on 
collisions  of  nutoniohiles  as  n  (unrtiim  of  driving  speeil.  The  negligible  dil- 
ference  between  frame  an<l  nniti/e<l  underbody  ronsiruc.tion  is  also  shown. 

I  from  .''(■very  ct  al.  (lOO).l 


Kxamplcs  of  otlier  types  of  short  duration  .iccelcralions  arc  given  in  tabic  r>. 

Table  Approximate  nuraliou  and  '.tapiilude  of  .Soine  .‘'borl  Ihtralion  . deceleration  l.oails 

(from  various  sources) 


Typo  of  Operntioo 

Acrrleralion 

Duration 

(p) 

(sec.) 

Klevators:  avrracc  in  “fast  service'* 

.1  -  .2 

1  -  5 

coni  fort  limit 

.3 

otnrrpcncy  dlocrlcraiion 

2.r> 

I'ublir  transit:  nornial  accfloraiion  ao<l  <icceIeration 

.1  -  .2 

5 

vmerpenoy  slop  briikiag  from  70  m.p.h. 

.4 

2.5 

Automobiles:  comfortable  slop 

.2.3 

5  -  8 

verv  undesirable 

.4.5 

3  -  5 

maximum  obtainable 

^7 

3 

crash  (potentially  survivablr) 

20  -  ICO 

<■1 

.Aircraft:  or<iinarv  lnk<‘-ofr 

.5 

>  10 

calafuilt  take-off 

2.5  -  6 

1.5 

crash  landinp  (polentinlly  survivahle) 

20  -  100 

seal  ejection 

10  -  15 

.25 

Man:  par.'icliule  opening  -  40,000  (l. 

33 

.2  -  .5 

0,000  ft. 

0.5 

.5 

para<’hule  landinp 
fall  into  fireman’s  net 

3  -  4 

.1  -  .2 

20 

.1 

approximate  survival  limit  with  well-dislrihuted  forces 
(fall  into  tl»-cp  snow  hank) 

200 

.01.5-. 03 

Head:  adult  head  falling  from  6  ft.  onto  hard  surface 

250 

.007 

voluntarily  tolerated  impact  with  protective  headgear 

10  -  23 

.02 

19.a 
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